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PART I 
GENERAL INTRODUCTION 
(E. C. WASSINK) 
Early in 1955 the Director of the "Cultuurtechnische Dienst" (Government 
Service for Land and Water Use) in the Netherlands asked the present writer to 
produce data on the possible influence of radioactive waste materials from 
nuclear reactors on plants, and in consequence hereof, on animals and men. 
Without a special situation being at hand, it could be stated that radioactive 
materials might become accessible to plants by way of the soil, the surface 
waters, and the air. It was deemed improbable that, normally, these media as 
such would contain harmful concentrations of radioactive materials, so that 
danger for men and animals generally would arise especially from a biological 
accumulation of the material in plants or parts thereof, in animals in general 
or in special animal organs. 
The present writer and his collaborators could only occupy themselves with 
the botanical side of the problem which was largely one of uptake and accumu-
lation of elements. Therefore, it seemed feasible that useful evidence might be 
obtained from data already available in literature as a result of numerous 
studies on accumulation of (non-radioactive) elements by plants. This infor-
mation would be largely applicable to the corresponding radioactive isotopes 
of the elements since, as far as the atomic weight is not very low, the biological 
behaviour of these isotopes is generally accepted not to differ appreciably from 
that of the normal, non-radioactive isotopes. 
A thorough survey of literature as to accumulation of elements by plants 
thus appeared indicated. 
Mrs. A. C. HERINGA-WESTERHOF, Amsterdam, has undertaken such a survey, 
in close collaboration with Dr. J. A. J. STOLWIJK from our laboratory, and the 
present writer. 
Notwithstanding the fact that no completeness could be aimed at, Mrs. HE-
RINGA'S compilation would appear to be sufficient to obtain an equilibrated 
impression of the possibilities in this field. The collected material is in Part III of 
this paper. 
In the summer of 1955, Dr. STOLWIJK had the opportunity to visit the United 
States and to pay attention to some general background information in this 
field. This, among others, led to a brief preliminary note to the Director of the 
"Cultuurtechnische Dienst". The main information in this note has been included 
in Part II of the present article. 
The parts I, II and III have been delivered together to the Director of the "Cul-
tuurtechnische Dienst" in April 1956, and it was agreed that the material should 
be published in Dutch language, with a summary in English. However, in some 
discussions our plans met with considerable interest, and we were encouraged 
to publish the material in a language which would render it available to a larger 
circle of readers. Our inference was that the material as such was not "original" 
and that the only originality was the attempt to use this material with respect 
to questions about radioactive materials. This inference, however, was met by 
the remark that such an attempt was deemed to be of sufficient interest to justify 
its submission to a larger public. We thus have managed to get the original 
manuscript translated which has resulted in this publication. 
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Before concluding this Introduction, I will attempt to draw some general 
conclusions from the data assembled in Part III. 
The behaviour of plants and parts of plants with respect to various elements 
differs widely. Thus, generalizations are not allowed, and each case requires 
separate investigation. 
The accumulation factor of a certain element - i.e. the relation between the 
concentration of the element in the plant and that in the environment - varies 
greatly in value. It depends both on the concentration of the element in the 
environment and on that in the plant. Certain elements of vital importance, e.g. 
phosphorus, occur in rather high concentrations in the plants. It appears that 
plants require such a rather high level, and moreover, that they are able to 
secure the required amounts even from very dilute solutions. In such a case the 
accumulation factor is high ; it decreases inasmuch as the concentration of the 
element in the environment increases. The requirement, and thus the accumu-
lation factor may vary widely among various parts of a plant. In the case of 
considering accumulation of radioactive isotopes also the life time of the iso-
topes, and their specific activity in the plant environment - i.e. their dilution 
with the normal isotopes - are very important. 
Part III also contains examples of uptake of elements by plants from an 
environment that is very rich in these elements. Generally, the concentrations 
of the element in the plants also are high in such cases; sometimes a 'luxurious' 
- or, probably, rather an involuntary - consumption occurs. In such cases the 
specific activity of a radioisotope present in the plant will be low. 
The survey in Part III has been restricted to those elements which, according 
to literature, may be among the waste of a nuclear reactor. 
Initially, Mrs. HERINGA had included some conclusions regarding precautions 
to be taken on the basis of the collected data. However, in view of the very much 
increased attention these matters have received during the last year and espe-
cially after the Geneva conference, we considered such conclusions outside the 
scope of our investigation and we have mainly restricted ourselves to the 
assembled facts. 
Moreover, this survey is confined to the botanical side of the matter. The 
question in how far consumption by animals of plant material which has accu-
mulated radioactive elements will lead to further accumulation and the conse-
quence of such an accumulation for human consumption are beyond our field. 
They will have to be studied elsewhere. 
A grant from the "Cultuurtechnische Dienst" of the Netherlands for the pre-
paration of the literature review and the translation of the manuscript is grate-
fully acknowledged. 
PART II 
SOME ASPECTS OF THE USE OF NUCLEAR REACTORS 
WITH A BEARING TO AGRICULTURE 
(J. A. J. STOLWIJK) 
The fission process in a nuclear reactor produces a very large amount of heat 
which has to be removed, either to be put to use, or, as in most research reactors 
to prevent damage to the reactor. A very high neutron flux exists in the core of 
the reactor, arising from fission and sustaining the fission process. A large 
number of elements, with atomic numbers between 30 and 63 (mass numbers 
56 (16) 5 
between 70 and 160) occur in the products of fission of nuclear fuel. Isotopes 
of the following elements are found in the fission products: zinc, gallium, 
germanium, arsenicum, selenium, bromine, krypton, rubidium, strontium, zir-
conium, niobium, molybdenum, ruthenium, palladium, rhodium, silver, cad-
mium, indium, tin, antimonium, tellurium, iodine, xenon, caesium, barium, 
lanthanum, cerium, praseodymium, neodymium, etc. These elements arise in 
different quantities. The fission yield curve plotted against mass number shows 
two pronounced maxima around elements with mass numbers 95 and 135. 
Nearly all fission products are highly radioactive. 
Transuranium elements are also produced in a nuclear reactor, by non-fission 
capture in U238. Plutonium as such is one of the main products, and has a very 
high effective biological radiotoxicity. 
The very large amounts of radiation and radioactive materials produced by 
nuclear reactors would seem to make it economically and even practically 
impossible to prevent all contamination of the surroundings. 
There are several ways in which radioactive contamination as a result of the 
operation of a nuclear reactor could occur. 
a. Direct radiation from the reactor core. 
b. Contamination via the cooling agent or heat transfer medium. 
c. Contamination via the processing of fuel elements for removal of fission 
products and recovery of fissionable material. 
d. Release of fission products in the event of a major catastrophe as a result of 
human error and/or failure of components of control mechanisms. 
Agricultural damage could arise in mainly two ways : 
a. Growth or production of plants or animals is unfavorably affected, resulting 
in a decreased production. 
b. Production as such is not decreased but the products become partially or 
completely unfit for human or animal consumption because of the radio-
active isotopes they contain. 
The possibility of a direct effect of radiation or radioactive isotopes on 
production seems a very theoretical one. It is known that plants and animals 
are generally less sensitive to radiation than man. Genetic studies in plants have 
been made at the Brookhaven National Laboratory in the U.S.A. using daily 
dosages of 1300 r, whereas a single dose of 500 r is considered to be lethal for 
man. Irradiation of plants with doses several times the maximum permissible 
dose in man (0.05 r/day), results in only a very small increase in the number of 
mutations. A daily dose of 2-5 r in maize produces no significant increase in the 
number of mutations. 
From the above it may be evident that direct loss of production as a result of 
radioactive contamination will only occur with doses which would make the 
region completely uninhabitable for man. 
Indirect damage to agriculture, due to contamination of the products can be 
expected at much lower levels of contamination. Naturally, the first consider-
ation in determining the permissible amount of radioactive contamination in 
the area around a nuclear reactor is the level for different isotopes which is 
considered permissible for human habitation. From this it follows that in 
general the actual contamination levels can be expected to remain well below 
those established as maximum permissible for man. Tables 1 and 2 give the 
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maximum permissible levels for some isotopes, taken from Handbook 52 of the 
U.S. Bureau of Standards. 
Although tables 1 and 2 do not contain information on all fission products, 
it is evident that the levels to be expected will be very low. In order to be able to 
consider whether these concentrations could indirectly damage agricultural 
production it is necessary to know which radioactive elements can be expected 
to be found in the contamination at various times. 
It can be assumed that direct radiation from the reactor core would not cause 
a hazard in view of the fact that personnel of the reactor has to be protected by 
biological shields. Contamination via the cooling medium is a more likely hazard. 
Two types of radioactive substances appear in the cooling medium: 
a. Fission products which escape from the fuel elements. 
b. Components of the cooling medium which have been activated by the very 
high neutron flux in the reactor core. The most important sources of this 
kind of contamination are : argon, in air-cooled reactors, and phosphorus in 
water cooled reactors, as A41 and P32, respectively. 
Nuclear fuel can be fissioned only to a very small extent, after which the 
fission products which start to poison the chain reaction by neutron capture, 
have to be removed. This involves chemical operations at an extremely high 
level of radioactivity and on a large scale. Even with considerable precaution 
it is impossible to completely eliminate release of some radioactive material 
via smoke stacks and liquid wastes. 
In the event of a major disaster with a nuclear reactor it is conceivable that 
all the fission products and the fissionable material in the reactor core are 
released and spread over a considerable area. The potential amount of conta-
mination in such a case is a function of the power level on which the reactor 
has been operating. Such an accident, however, is unlikely in view of the pre-
cautions taken. If it should occur it would necessitate evacuation of an area 
around the reactor location. Agricultural production in a probably much wider 
area would, in that event, at least temporarily become unfit for consumption. 
The fission products arising from operation of nuclear reactors are now 
mostly known and also the relative proportions in which they are formed. A 
large number of elements are involved, all radioactive and each with its charac-
teristic radiation and half life. As a consequence of the differences in half life, 
the relative importance of different isotopes is different at different times after 
fission. Table 3 gives data for some important fission products with respect to 
their relative importance one day, one month, and one year after fission. 
Except for some special instances it is to be expected that fission products 
with very short half life, occurring in the column "after 1 day" will not cause 
serious damage to agriculture. Radioisotopes with a half life of one month or 
more, i.e. those with a substantial contribution to the total radioactivity after 
1 month or 1 year will be much more likely to represent a hazard to agriculture. 
Of these elements strontium is undoubtedly the more important one; other 
elements such as barium, cerium, niobium and caesium are not taken up by plants 
to any appreciable extent. Notwithstanding this expectation, however, an ex-
tensive literature research was made in order to establish in how far accumula-
tion of these elements has been investigated. 
Several types of reactors are air-cooled; this implies that the cooling air 
comes into direct contact with fuel elements containing hermetically sealed fuel. 
56 (16) 
If the sealing of these fuel elements fails, volatile fission products and dust 
particles of solid fission products can be removed with the air stream. Appro-
priate filtering takes out the majority of these contaminations before the air is 
released into the atmosphere. Nevertheless small amounts of, e.g. I131 are 
released into the atmosphere and can precipitate on the vegetation. Damage 
has been reported under such conditions to sheep and cattle, and this has caused 
a reduction in the maximum permissible level of I131 from 3 x 10"9 u. curie/ml air 
to 3 X 10 13 [xcurie/ml, while the figure of 3 X 109 (icurie/ml was the human 
tolerance. It has been found that release of radioactivity in liquid wastes into 
rivers does not represent a serious hazard, as the uptake coefficients appear to 
be very low. Storage of liquid wastes in open tanks has sometimes caused 
difficulties because Cs137 accumulated in muscles of water fowl. 
In an air cooled reactor the argon in the cooling air is activated to some 
extent, giving rise to radioactive A41. The concentration of A41 should be kept 
lower than 5 X 10-7 ji.curie/ml of air. It is not to be expected that any agricul-
tural hazard would arise from A41. 
It may be evident from the above that it is impossible to give a general solu-
tion to the problem of the effect of radioactive contamination by nuclear 
reactors on agricultural production. Many factors determine the possibility of 
damage and they are different for each individual case. Such factors are : con-
struction and type and power level of the reactor, the manner in which conta-
minations are released, vegetation and type of agricultural use of surrounding 
area, meteorological conditions, etc. It will be necessary in each case to tho-
roughly investigate the implications of release of radioactive contaminations. 
Once a reactor is in operation it will remain necessary to routinely check the 
degree of contamination in the surrounding area. 
The maximum permissible levels which have been established so far represent 
a heavy burden on the economical operation of nuclear reactors. A thorough 
investigation of the fate of different radioisotopes in vegetable, animal and 
human food cycles may well result in modification of the maximum permissible 
levels, one way or the other. As the costs for prevention of contamination in-
crease progressively with lowering of the permissible levels it would be very 
desirable to investigate whether any of these levels have been set too low. On 
the other hand, if its is found that the permissible levels have to be lowered even 
more, it is better to do so when the damage is not yet done. 
TABLE 1 
Maximum permissible levels of different alpha-emitting radioisotopes in the human body and 
maximum permissible concentrations in water and air, under continuous exposure 
Exposure 
Po210(sol.) 
(insol.) . . . . 
R n m 
Ra226 
U238(sol.) 
(insol.) 
U233(sol.) 
(insol.) 
Pu239 (sol.) 
y. curies in body 
0.02 
0.007 
0.1 
0.2 
0.009 
0.04 
0.008 
0.04 
0.008 
[i curies/ml water 
3 x lO"5 
2 x 10"6 
4 x 10"8 
7 x lO-6 
1.5 X 10 4 
1.5 x lO-" 
(j. curies/ml air 
2 x 10-10 
7 x 10-" 
1 x 10 8 
8 x 10~12 
1 X lO"" 
1 x 1 0 " 
1 x 10"10 
1.6 x 10-" 
2 x 10"12 
1 x 10~12 
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TABLE 2 
Maximum permissible levels in the human body, and maximum permissible concentrations in 
air and water, for some gamma and beta emitting radioisotopes 
Element 
H 3 
C14 
Na24 
p32 
S35 
CI36 
K42 
Ca45 
Mn56 
Fe55Fe59 
Cu64 
Zn66 
£131 
Be' 
p i 8 
A41 
Sc48 
y « 
Cr51 
Co60 
Ni69 
Ga72 
Ge71 
As76 
Rb86 
Sr89 
Sr90, Y90 
Y»i 
Nb9 5 
Mo99 
Tc96 
Ru106, Rh106 . . . . 
Rh105 
Pd103, Rh103 
Ag105 
Ag111 
Cd109, Ag109 . . . . 
Sn113 . . . . . . . 
Te 1 2 7 
Te 1 2 9 
Xe133 
Xe136 
Cs137, Ba137 
Ba140, La140 
La140 
Ce144, Pr144 
Pr143 
Pm147 
Sm151 
Eu164 
Ho166 
Tm 1 7 0 
Lu177 
Re183 
Ir19» 
[i curies in body 
10' 
250 
15 
10 
100 
200 
20 
65 
2 
1000 
11 
430 
0.3 
670 
24 
30 
6 
20 
390 
3 
39 
8 
67 
10 
60 
2 
1 
15 
90 
50 
5 
4 
9 
6 
18 
36 
40 
80 
4 
1.3 
300 
100 
90 
5 
24 
5 
29 
120 
420 
22 
17 
19 
78 
35 
21 
(j. curies/ml water 
0.2 
3 x 10"3 
8 X 10-3 
2 x 10"4 
5 x 10"3 
2 x 10-3 
io-2 
5 x 10-" 
0.15 
4 x 10-3 
ÏO"4 
6 x 10-2 
3 x 10"5 
1 
0.9 
5 x 1 0 4 
0.4 
0.5 
0.5 
0.25 
0.25 
9 
9 
0.2 
3 x 10"3 
7 x 10~5 
8 x 10"7 
0.2 
4 x 10~3 
14 
0.03 
0.1 
0.015 
0.01 
2 
4 
0.07 
0.2 
0.03 
0.01 
0.004 
0.001 
0.0015 
0.002 
1 
0.04 
0.4 
1 
0.2 
0.03 
23 
0.025 
24 
0.08 
0.01 
(x curies/ml air 
2 x 10"5 
ÏO"6 
2 x ÏO-6 
ÏO"7 
io-6 
4 x 10-7 
2 X 10"6 
3 x 10-" 
3 x 10"6 
6 x ÏO'7 
1.5 x 10~8 
2 x 10"6 
3 x 10"9 
4 x 10"6 
io-4 
5 x 10"7 
7 x 10-8 
10"6 
8 x 10"6 
2 x ÏO*6 
2 x 10"5 
3 x 10-6 
4 x 10"5 
2 x 10"6 
4 x 10"7 
2 x 10~8 
2 x 10"10 
4 x 10~8 
4 x 10"7 
2 x 10~3 
3 x 10"6 
3 x 10~8 
ÏO"6 
7 x 10"7 
io-5 
3 x 10"5 
7 x ÏO"8 
6 x 10"7 
ÏO"7 
4 x 10~8 
4 x 10"8 
2 x 10"6 
2 X 10~7 
6 x ÏO"8 
ÏO"6 
7 x ÏO-9 
7 x 10"7 
2 x ÏO"7 
ÏO"8 
6 x ÏO-9 
3 x 10"6 
5 x 10"8 
5 x 10-6 
8 x 10-6 
7 x 10-7 
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Element 
Ir"2 
Au"« 
Au" 9 
Pb203 
At211 
Th234 
Am241 
Cm242 
[i curies in body 
3.4 
10 
28 
57 
6 X 10-4 
120 
0.056 
0.05 
[x curies/ml water 
9 x 10-4 
0.003 
0.007 
0.1 
3 X 10-« 
3 
io- 4 
9 x 10-4 
jj. curies/ml air 
5 x 10-« 
IO"' 
2 x IO"' 
6 x 10-« 
3 x IO"" 
6 x 10-' 
3 x IO-11 
2 x IO"" 
TABLE 3 
Contribution of various fission products to total radioactivity after different periods 
Isotope 
Strontium . . . 
Strontium . 
Strontium . 
Yttrium . . 
Yttrium . . 
Yttrium . . 
Yttrium . . 
Zirconium . 
Zirconium . 
Niobium. . 
Niobium. . 
Molybdenum 
Ruthenium. 
Ruthenium. 
Rhodium . 
Rhodium . 
Rhodium . 
Tellurium . 
Iodine . . . 
Iodine . 
Iodine . 
Iodine . 
Xenon. 
Xenon. 
Caesium 
Barium 
Barium 
Lanthanium 
Lanthanium 
Cerium . . 
Cerium . . 
Cerium . . 
Praseodymiurr 
Promethh im 
i 
Symbol 
Sr89 
Sr91 
Sr90-i 
Y90 J 
Y&i 
Y»2 
Y»3 
Zr9 ' 
Zr95 
Nb9 5 
Nb97 
Mo99 
R u " 8 
R u 1 0 6 
Rh"« J 
Rh103 
Rh105 
Te132 
J131 
p32 
J133 
p35 
Xe133 
Xe135 
C s " ' -i 
Ba1 3 'J 
Ba140 
La140 
La141 
Ce141 
Ce143 
Ce144-! 
Pr144 J 
Pm147 
Contribution in percent of total 
after 1 day after 1 month 
- ! ^ 6.7 
2.9 7.6 
4.2 
7.6 
9.0 
-
-
9.0 
4.6 
-
-
1.35 
2.6 
-
2.7 
7.3 
4.7 
1.23 
12.5 
1.25 
-
1.4 
-
6.8 
-
-
-
after 1 year 
2.7 
_ 
19.9 
3.9 
-
-
-
8.2 7.3 
4.1 
-
-
5.7 
5.5 
-
5.1 
3.7 
-
-
-
2.6 
-
10.8 
12.5 
-
11.2 
-
2.0 
-
15 
-
-
-
2.4 
-
-
-
-
-
-
-
-
-
1.5 
-
-
-
-
-
26.5 
5.7 
Half life 
53 d. 
9.7 h. 
19.9 y. 
61 h. 
61 d. 
3.6 h. 
10 h. 
17 h. 
65 d. 
35 d. 
72 m. 
67 h. 
39.8 d. 
i y . 
30 s. 
57 m. 
36.5 h. 
77.7 h. 
8.14 d. 
2.4 h. 
20.5 h. 
6.7 h. 
5.27 d. 
9.13 h. 
33 y. 
2.6 m. 
12.8 d. 
40 h. 
3.7 h. 
33.1 d. 
33 h. 
282 d. 
17.5 m. 
2.6 y. 
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PART III 
THE UPTAKE AND ACCUMULATION BY PLANTS 
OF ELEMENTS WHICH ARE OF IMPORTANCE IN VIEW 
OF THEIR OCCURRENCE AS WASTE PRODUCTS 
OF NUCLEAR REACTORS 
(A. C. HERINGA-WESTERHOF) 
I . INTRODUCTION 
The radioactive waste products of nuclear reactors may be taken up in a solid 
form, or dissolved in water, or in exhaust gases. Highly active substances which 
are of immediate danger for man and animals should be deposited, preferably 
in a solid form, where they are not likely to do any harm (e.g. in deep sea or 
very deep in the ground). 
Liquid waste (water that has taken up radioactive elements) should be made 
free of radioactive elements as far as possible and may then be disposed of in 
the vicinity of the nuclear reactor in nearby water, provided the radioactivity 
of such water presents no immediate danger for man or animals. The medical 
profession has laid down certain standards in this connexion. 
If this waste water comes in the vicinity of plants and food crops, it is possible 
that such plants and crops accumulate a quantity of radioactive matter which 
would endanger the health of man and animals consuming such vegetation. 
In view of this possibility a study has been made of the literature relating to the 
uptake and possible accumulation of those elements that may be expected in 
waste products of a nuclear reactor. 
In this connexion the following points should be taken into account : 
1. According to Handbook 52 of the American Bureau of Standards (58) the 
maximum permissible concentration in America of various radioactive isotopes 
in water is very low, for instance, for 
P32 2 X 10-4 jxc/ml water = 2.2 X 10 17 M, 
and for 
Rb86 3 X 10-3 {ic/ml water = 4.5 X 1016 M. 
Experiments have hardly ever been made with plants growing in solutions 
containing such small quantities of nutrient substances. It must, however, be 
pointed out that in most cases there will be a higher concentration of the normal 
isotope in addition to the radioactive isotope. 
2. As a rule there is a relatively greater accumulation of nutrient elements by 
plants from a medium with a low concentration of nutrient substances than 
from a medium with a high concentration. If a nutrient solution with a relatively 
high concentration induces accumulation in the plants this will be still more so 
when the concentration is low. 
3. If plants or parts of plants accumulate radioactive isotopes of an element 
there may be a danger in the consumption of the plants. When the nutrient 
medium contains the maximum permissible concentration of the radioactive 
matter, accumulation always presents a danger. 
Gaseous waste products (air that has taken up small radioactive particles 
and gaseous radioactive elements) should be made free from radioactive 
matter as far as possible and then - as in the case of the liquid waste - released 
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in the vicinity of the nuclear reactor, provided the radioactivity of the air 
presents no immediate danger for man or animals. The medical profession 
should lay down certain standards also in this connexion. There is a possibility 
that radioactive matter in the air comes on or into the plants. The quantity of 
such matter may be so large as to present a danger for consumption. 
The present study of the literature relating to uptake and accumulation was 
prompted by the foregoing considerations. 
2. PLANTS IN GENERAL 
2.1. The composition of the plant (163) 
Eighty to 90 per cent of a plant is water, while mineral substances or the ash 
(all elements, except C, H, O and N) account for 5 to 15 per cent of the dry 
matter. Generally, the quantities of an element occurring in a plant are given 
in literature with respect to the dry matter; sometimes with respect to fresh 
weight or ash. It follows that the percentage of the elements with respect to 
the dry matter is about 5 to 10 times as great as that with respect to the fresh 
weight. The content of an element in the ash is again about 10 times as great as 
that in the dry matter. This must be taken into account when one is considering 
the data. Since both man and animals generally use the plant in a fresh state, the 
content in relation to the fresh weight is the most important for our purpose. 
Table 4 shows the composition of a few important products, as reported in 
the dutch "Tuinbouwgids" (158). 
TABLE 4 
Differences in the composition of some agricultural and horticultural products as reflected in 
a few of its components 
Greens (average) . . . 
Fruit (average) . . . 
Potatoes 
Pulse (average) 
Wheat flour 
Rye flour 
Constituents per 100 g. of the product 
water in g. 
91 
85 
77 
12 
15 
13 
Ca in mg. 
40 
17 
10 
80 
30 
45 
P in mg. 
43 
19 
60 
400 
370 
360 
Fe in mg. 
0.7 
0.3 
0.8 
5 
4 
4 
2.2. The uptake of mineral substances by the plant 
2.2.a. The me thod of research 
The uptake of nutrient substances is greatly influenced by experimental con-
ditions. These imply the use of water media and sand media while experiments 
are carried out with plants in pots or in the field. The results may differ greatly 
and cannot be compared one with the other. They are valuable only within the 
particular experiment. BALLARD and DEAN (7) compared the results of water 
cultures, sand cultures and two soil cultures which all had the same supply of 
phosphorus. Tomato plants grown in these different media took up the phos-
phorus present in the water medium to the extent of 75 %, in the sand medium 
to the extent of 62 % and in the soil media to the extent of 2.75 % and 0.32 %. 
HOAGLAND and DAVIS (67) also showed the differences obtained with water, 
sand or soil media. If we consider the results of water cultures only, we find that 
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they also differ greatly in the experiments of several investigators. This is 
probably due to the differences in the methods applied and to the circumstances 
in which the experiments were carried out. 
2.2.b. The inf luence of the k ind of p lan t 
Different kinds of plants take up different quantities of nutrient elements 
from the same medium. COLLANDER (33) cultivated for a period of two months 
20 different plants in a large vessel with a nutrient medium of a well-known 
composition. At the end of the experiment it was found that the plants con-
tained highly different quantities of the elements present in the solution. The 
greatest differences were found in the quantities of sodium, for instance : Atriplex 
hortensis contained 87 times as much sodium per kilogr. of dry matter as Zea 
mais. The differences were not so great in the case of other elements, for in-
stance: Fagopyrum escuîentum (buckwheat) contained 12 times as much 
strontium as Avena sativa (oats) ; Plantago maritima (sea plantain) contained 
twice as much calcium as Zea mais (maize). ROMNEY et al. (129) grew radish, 
beans and barley in pots filled with soil to which radioactive strontium had been 
added. Radish took up 5 times as much Sr90 per g. fresh weight as bean plants ; 
the Sr content of the barley was between that of the radish and the beans. 
An examination of various kinds of plants grown in the field in one and the 
same soil also revealed great differences in composition. 
MITCHELL (100) examined the composition of various plants grown in the 
same pastureland. Red clover contained 11 times as much strontium and 8 times 
as much barium per unit dry matter as cocksfoot. BEAR (9) tested various crops 
growing in the same soil to determine their molybdenum content and found 
that grass contained 16 times as much Mo per gram of dry matter as beet, 
while the Mo content of the other crops examined lay between that of these two. 
BARSHAD (8) likewise tested the Mo content of various kinds of plants from the 
same soil and found that there was a considerable difference in the Mo content 
even of the varieties of one and the same species. 
2.2.C. The p l an t s tages 
There may be a great difference in the composition of a plant at the various 
stages of its life. For instance, young, vigorously growing plants and plant parts 
contain far more phosphorus than older plants. ARNON and coworkers (5) grew 
tomato plants in a nutrient solution to which radioactive phosphorus had been 
added. In some cases a young fruit took up 40 times as much radioactive phos-
phorus per dry weight as a ripe fruit. The older leaves contained less phosphorus 
than the younger ones. MULDER (102) found in young apple leaves (in May) 
0.64 p.p.m. of phosphorus of the fresh weight, whereas in the old leaves (in 
September) the figure was 0.18 p.p.m. 
BURD (29) investigated the composition of oat plants (aerial parts at different 
times during the growing period) and obtained the results presented in Table 5. 
It will be seen that at the end of the season the content of N, P, K, Ca and Mg 
is only half as much or even less than what it was at the beginning of the season. 
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TABLE 5 
Changes in weight, moisture content and the content of mineral elements in oat plants, and 
dependence on age 
Time from the 
beginning of 
the expt. in weeks 
6 
12 
17 
Average 
weight per 
plant in g. 
23.84 
48.66 
23.15 
Moisture 
content 
in% 
90.70 
67.40 
16.96 
Analysis of the dry matter 
in% 
N 
3.71 
0.77 
0.71 
P 
0.50 
0.25 
0.28 
K 
5.40 
1.23 
1.19 
Ca 
0.47 
0.23 
0.18 
Mg 
0.54 
0.25 
0.22 
2.2.d. The acidi ty of the n u t r i e n t medium 
The influence of the acidity on the uptake of nutrient substances by plants has 
been demonstrated by a number of investigators. EHRLER et al. (38) grew bean 
plants in a nutrient solution at pH 4, 5, 5.5, 6, 6.5, and 7. At a low pH (4-6.5) 
the phosphorus uptake was 375 X 104 m.e./gram of dry matter. At pH 7 the 
phosphorus uptake increased considerably, to as much as 575 times 10-4 m.e./gr 
of dry matter. Similar results were obtained by ARNON and coworkers (3). LANGE 
and coworkers (80) in similar experiments found that the calcium uptake by 
bean plants was greatest at pH 5-6. When the pH was higher or lower the uptake 
was less. Spinach took up more strontium at pH 5.2 than at pH 6.8 or higher 
(1, 134). ROMNEY et al. (129) grew radish, beans and barley in an acid soil, a 
neutral soil and an alkaline soil to which they had added radioactive strontium. 
All three types of plants took up far more Sr90 per fresh weight (about 9 times as 
much) from the acid soil than from the alkaline soil. From a neutral soil they 
took up 2-3 times as much Sr as they did from the alkaline one. 
2.2.e. The chemica l c o m p o s i t i o n of the n u t r i e n t med ium 
The presence of one element can influence the uptake by the plant of another 
element. EHRLER et al. (38) found that when the concentration of magnesium 
in the nutrient solution was increased from 0.50-24.00 m.e./l, the uptake of 
phosphorus in the plant increased from 152 to 277 X 104 m.e./g dry matter. 
When the concentration of calcium was increased in the nutrient solution it was 
found that the phosphorus content of the plant decreased. 
When magnesium was added to the soil in which apple trees were growing 
there was an increase in the phosphorus content of the apple leaves (102). 
NIESCHLAG (111) and TRUOG (157) obtained analogous results in experiments 
with other plants. Even the form in which the nitrogen occurs in the nutrient 
solution may influence the uptake of phosphorus by plants (26, 25). BREON and 
GILLAM (26) grew tomato plants in a nutrient solution in which the nitrogen 
source consisted of nitrate or urea. With urea, the phosphorus content of the 
plant was sometimes twice as high as with nitrate. 
The uptake of molybdenum by plants is influenced by the presence of phos-
phate or sulphate in a nutrient solution. When phosphate was present in the 
nutrient solution the molybdenum content of tomato plants increased, whereas 
when sulphate was present the Mo content decreased. STOUT et al. (150) have 
published the following data on this subject. Different quantities of phosphate 
and sulphate were added to a nutrient solution which contained 1 [xg Mo per 
800 ml. The plants which were grown in this nutrient solution had molybdenum 
contents as indicated in Table 6. 
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TABLE 6 
Effect of various phosphate concentrations on the uptake of 
molybdenum 
Phosphate in the nutrient 
solution in p.p.m. 
0 
5 
25 
125 
(other 125 
expt.) 125 +200 p.p.m. of 
sulphate 
Mo content of the plant in 
p.p.m. of the fresh weight 
2.5 
3.2 
11.3 
35 
10.7 
2.2 
Chemically related elements may take each other's place in the uptake by 
plants. If, for instance, there is a large quantity of strontium present this will be 
taken up in the place of calcium and vice versa (71). In the same way as barium, 
strontium and calcium, rubidium, caesium and potassium influence each other 
in ihe uptake by plants (93). 
2.2./. T e m p e r a t u r e 
The temperature at which the plant grows has an influence on its uptake of 
nutrient elements. EHRLER et al. (38) grew bean plants in a nutrient solution at 
a temperature of 17°C and 27 CC. On the whole, the uptake of phosphorus was 
less at 17°C than at 27°, but sometimes the difference in temperature had the 
reverse effect. LANGE et al. (80) in similar experiments found that at a tempera-
ture of 17°C bean plants took up more calcium and strontium than at 27 °C. 
When radioactive Sr was added to the nutrient solution, the content of Sr89 in 
the plant was 242-280 counts/sec./gram at 17°C and 156-266 counts/sec/gram 
at 27 °C. Maize (27) and tomatoes (168) took up less phosphorus at low tempe-
rature. Barley roots in a solution of potassium nitrate and potassium bromide 
at a temperature of 30 °C took op 5—10 times as much potassium, bromine and 
nitrate as they did at 5°C (65). JACOBSON and OVERSTREET (73) likewise found 
a smaller uptake at a lower temperature in oat roots growing in a nutrient 
solution to which radioactive iodine and strontium had been added. The 
iodine content of marine plants changes with the seasons (72). It is possible 
that both light and temperature play a part in these changes. 
2.2.^. Light 
The effect of light on the uptake of mineral elements by plants has been de-
monstrated by EHRLER et al. (38). They grew bean plants in a nutrient solution 
and exposed some of the plants to only about half the intensity of light to which 
the others were exposed. The plants which received less light had an uptake of 
phosphorus equal to 51-88 % of the uptake of the plants exposed to normal light. 
According to LANGE et al. (80) the calcium uptake and the strontium uptake also 
decreased when the intensity of light was reduced. BREWER and BRAMLEY (27) 
found that maize plants did not take up any phosphorus in the dark. WENT (168) 
observed that plants take up more phosphate during day time than at night. 
WASSINK, WINTERMANS and TJIA (165) found that light definitely influenced the 
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uptake of phosphate in the case of Chlorella and Chromatium ; A R I S Z (2) made 
a similar observation with Vallisneria. 
2.2.h. The structure of the soil 
The structure of the soil is, among other things, of importance for the supply 
of oxygen to the roots. Most investigators have detected a decrease in the uptake 
of nutrient substances by the plant when the supply of air to the nutrient 
solution is reduced or stopped. LANGE et al. (80) carried out experiments to 
determine the influence of aeration of the nutrient solution on the calcium up-
take of the plant. When the air supply was stopped for 48 hours the calcium 
uptake of the plant was 45 % of the uptake of plants which had grown in a fully 
aerated solution. STEWARD et al. (144), who worked with slices of potato and of 
topinambour in a solution of potassium bromide, found a greater uptake both 
of potassium and of bromine when air was passed through the nutrient solution. 
In one instance 16 times as much Br was taken up when the solution was well 
aerated as when aeration was only weak. 
A R N O N and HOAGLAND (4) found that the phosphorus uptake of tomato 
plants was greater when the nutrient solution was aerated. Identical results were 
obtained by C H A N G and LOOMIS (32), HOPKINS, SPECHT and HENDRICKS (70), 
and PEPKOWITZ and SHIVE (117). HOAGLAND and BROYER (66) found that the 
accumulation of salt by plants was dependent on the oxygen content of the soil. 
With bean plants in a nutrient solution EHRLER et al. (38) on the other hand 
found that aeration of the solution brought about a considerable reduction in 
the phosphorus uptake of the plants. With normal aeration of the solution, 
the phosphorus uptake in the plant was 278 X 10* m.e./g dry matter per day 
(24 hours). If aeration was stopped for 36 hours, the uptake of phosphorus was 
1056 X l O 4 m.e./g dry matter per 24 hours. 
2.2./. T h e m o i s t u r e of t h e s o i l 
The moisture of the soil influences the uptake of phosphorus by plants. 
EMMERT (39), SALGUES (132) and THOMAS, M A C K and COTTON (156) found that 
plants contained less phosphorus with low moisture content of the soil than 
with high. JAMES (75) and MILLER and DULEY (99), on the other hand found that 
plants contained more phosphorus when the soil had a low moisture content. 
2.2J. C o n c l u s i o n 
It has been found that many factors greatly influence the uptake of various 
mineral nutrients by plants. The content of the various elements in the plants 
may differ greatly through these influences. I t is therefore impossible to predict 
much about the uptake by the plant and the concentration in the plant of the 
various elements. Only local experiments will allow more definite conclusions. 
Even then one will always have to be prepared for unexpected deviations, for 
instance, in connexion with the weather, fertilisation, etc. 
2.3. Accumulation of mineral nutrients in the plant 
2.3.a. P a r t s of p l a n t s 
I t sometimes occurs that certain parts of a plant contain a far greater quantity 
of a given element than the remainder of the plant. Young, rapidly growing 
parts (e.g. stem top and root tip) contain much phosphorus. RABIDEAU, W H A L E Y 
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and HEIMSCH (119) in maize found the phosphorus content of the inflorescence 
10 times as high as that of the leaf. The accumulation of elements at the surface 
of the root, especially at the extreme root tip, may be considerable, as has been 
found with the elements cerium, yttrium, niobium, zirconium and tellurium, 
which are not accumulated in the aerial parts of the plant (74, 123). 
Root nodules and seeds of Leguminosae contain much more molybdenum 
than the rest of the plant. BERTRAND (13) found the following (table 7) molyb-
denum content in a few leguminous plants : 
TABLE 7 
Molybdenum content of root nodules and of the aerial parts 
of a few Leguminosae 
Plant species 
Soya bean 
Butter bean . . . . 
Yellow lupin . . . . 
Mo content in mg/kg dry matter 
Root nodules 
33.9 
35.2 
36.2 
aerial 
parts 
1.78 
2.86 
1.65 
The molybdenum found in the root nodules may well constitute a portion of 
the bacteria living in the nodules. There may be more molybdenum in the seed 
of peas and beans than is necessary for the growth of the entire plant (90). 
If these accumulations occur in parts of plants which are consumed (e.g. 
seed), they may prove dangerous when radioactive isotopes are present. 
2.3.6. En t i r e p l an t s 
In certain plant species there may be considerable accumulations of elements 
which usually are found only in small quantities. For example, the selenium 
content of Astragalus (vetch) may be as much as 14,950 p.p.m. of the dry weight, 
whereas maize contains 45 p.p.m. of Se and other plants even far less (e.g. 0.1 
p.p.m.) (125). 
Bertholletia excelsa contains 4030 p.p.m. of barium (125), whereas in most 
plants the Ba content is 5-50 p.p.m. Pepper berries (pods) contain 1350 p.p.m. 
of copper whereas the Cu content of the plants is 10-100 p.p.m. 
Rare-earth metals, which as .a rule can hardly be demonstrated in plants, 
occur in large quantities in the leaves of Hicoria ovata, viz. 2296 p.p.m. of the 
dry weight (125). Such accumulator plants are also known to exist with res-
pect to aluminum and zinc (125). 
It is very well possible that there are more such accumulations in certain 
species of plants. They may so far have escaped notice, but may suddenly be-
come important in view of radioactive contamination. 
2.3.c. Aqua t i c p l an t s 
The concentration of various elements in aquatic plants is generally very 
much higher than the concentration of the same elements in the surrounding 
water. HOAGLAND and DAVIS (67) examined the concentration of various ions in 
Nitella and in the surrounding pond water and found that the content of the 
plants was much higher than that of the water. Some of their findings are 
given in Table 8. 
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TABLE 8 
Accumulation factors for various ions as found in Nitella 
17 
Concentration 
in m.e./litre 
Pond water . . . . 
Nitella (vacuole sap) 
Accumulation factor 
l cone, in plant ^ 
cone, in water 
CI' 
1.0 
104.0 
104 
SO/ 
0.67 
16.8 
25 
H2P04' 
0.0008 
2.5 
3125 
Ca-
1.3 
14.8 
11 
Mg-
3.0 
15.6 
5.2 
K-
0.51 
52.2 
102 
Na-
1.2 
62.1 
52 
MAZIA and MULLINS (88) grew Elodea in a solution of radioactive copper as 
CuMCl2 with a concentration of 106-1010 M. The results they obtained are given 
in Table 9. 
TABLE 9 
Uptake of Cu64 by Elodea from highly diluted solutions 
Cone. CuCl2 in the 
solution; Mol/litre 
10~6 
1 0 - i o 
Cone. CuCl2 in the plant; 
Mol/kg of the fresh weight 
0.050 
0.029 
Accumulation 
factor 
5 x 104 
2.9 X 108 
TER MEULEN found 0.16 mg molybdenum per kg in aquatic plants while no Mo 
could be demonstrated in the water in which the plants were growing (95). 
OSTERHOUT (114) collected data published by various authors regarding the 
accumulation of nutrient salts which may occur in seaweeds and fresh water 
algae. 
The accumulation factor varied from 0.07 for sodium in Valonia ventriculosa 
to 18,050 for phosphate m Nitella clavellata. SCOTT demonstrated that caesium 
is accumulated by seaweeds in very large quantities (100-1000 fold) (135). 
BLACK and MITCHELL (21) examined the concentration of various elements 
in brown algae and the concentration of these elements in the seawater in which 
the algae were growing. The molybdenum content in the weeds was 2 to 15 
times as high as in the water; the content of titanium was 90-10,000 times as 
high as in the seawater. The accumulation of the other elements examined was 
between these two extremes. 
FOSTER and DAVIS (45) investigated the radioactivity of the plankton and 
water in a river in which waste products from a nuclear reactor had been dis-
charged. The radioactivity of the plankton (mainly diatoms) was 2000 times 
greater than the radioactivity of the water. Phosphorus 32 accounted for the 
greater part of the radioactivity. The water was poor in non-radioactive phos-
phorus. DAVIS et al. (35) in a similar investigation found that the radioactivity 
of algae was 200 times that of the surrounding water and that of nanno-plankton 
4000 times. 
WHITAKER (169) found that in an aquarium the accumulation factor of radio-
active phosphorus was 300,000 in the case of algae and 360,000 in the case of 
plankton. 
Aquatic plants obtain their food directly from the water (sometimes from 
waste water from the nuclear reactor) without the radioactivity of this water 
having been previously decreased by passage through the soil for some time, as 
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may be so in the case of land plants. It may be seen from the foregoing data 
that water plants are capable of accumulating large quantities of various ele-
ments from the water. Since aquatic plants are not, in general, for immediate 
human consumption, they only form an indirect danger, e.g., when eaten by 
animals (some fish eat plankton, some birds aquatic plants) which in their 
turn are consumed by man. 
2.4. The accumulation of an element in the plant in relation to its concentration 
in the nutrient medium 
As already stated, accumulation of nutrient substances by the plant from a 
nutrient medium with a low concentration is relatively greater than the accumu-
lation from a nutrient medium with a higher concentration of nutrient sub-
stances. EHRLER et al. (38) grew bean plants in nutrient solutions with different 
contents of phosphate. 
When the phosphate concentration of the nutrient solution increased from 
0.50 to 24.00 m.e./l., the uptake in the plant rose from 102 X 104 m.e./g dry 
weight to 402 x 104 m.e./g dry weight. Therefore, at a 50-fold higher phospho-
rus concentration of the nutrient solution, the phosphorus concentration in the 
plant increased only 4 times. TEAKLE(153) grew wheat in a nutrient solution in 
which the phosphoric acid content varied from 0.05-50.0 p.p.m. Table 10 gives 
a survey of the results obtained at pH5.5. 
TABLE 10 
Phosphate uptake of wheat plants, in relation to the phosphate concentration offered 
Phosphate cone, in the solution 
in p.p.m. 
Phosphate cone, in tip of plant in 
% of the dry weight 
0.05 
1.19 
0.1 
0.68 
0.5 
2.90 
1.0 
2.40 
5.0 
2.49 
50.0 
2.26 
These experiments showed that the uptake of nutrient substances by the plant 
does not increase proportionally with the concentration in the nutrient solution. 
With a high concentration in the nutrient solution the phosphate content of the 
plant remains constant. BIDDULPH and WOODBRIDGE (19) found something 
similar with plants grown in a nutrient solution containing different concentra-
tions of phosphorus. The results of their experiments are shown in Table 11. 
TABLE 11 
Phosphate uptake of beans, in relation to the quantity of phosphate offered 
Phosphorus cone, in the nutrient sol. . 
Phosphorus, mg/gr dry matter of plant. 
0.00005 M 
2-5 
0.005 M 
3-10 
0.05 M 
5-25 
Analoguous results were obtained by EVANS, PURVIS and BEAR (41) in regard 
to the molybdenum uptake by lucerne (Medicago sativa) ; FRANCK and LOOMIS 
(46) in regard to the phosphorus uptake by various plants; GRACANIN (54) in 
regard to the phosphorus uptake by maize and barley; HOAGLAND, DAVIS and 
HIBBARD (68) in regard to the bromine uptake by Kitella. 
Contrary to the results obtained by most investigators, the next two papers 
refer to an uptake of nutrient substances by plants proportional to the concen-
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tration in the nutrient solution. REDISKE and SELDERS (122) grew bean plants 
in a nutrient solution with 1(H to 10 p.p.m. Sr and found an Sr- uptake by the 
plant proportional to the Sr concentration in the nutrient solution. This may be 
be attributed to the use of very low concentrations. JOHAM cultivated cotton 
plants in a sand culture containing different concentrations of molybdenum, 
and found a more or less proportional uptake by the plant (76). 
KNAUSS and PORTER (77) grew algae in a nutrient solution with different con-
centrations of phosphorus, sulphur, calcium, iron, zinc, copper and strontium. 
They found that the uptake by the plants was directly proportional to the con-
centration of the elements in the solution. Only at a high phosphorus concen-
tration (more than 200 p.p.m.) and a high sulphur concentration (more than 
2000 p.p.m.) in the nutrient solution, the uptake of these elements by the plant 
no longer increased. 
STILES and KIDD (145) placed slices of potato and carrot in a simple salt 
solution with different concentrations of KCl, NaCl or CaCl2, and demonstrated 
that the degree of accumulation by the plant (the accumulation factor) decreases 
as the concentration of the elements in the nutrient solution increases. The re-
sults they obtained are shown in Table 12. 
TABLE 12 
Uptake of some ions by potato tissue, as a function of the concentration in the medium 
KCl 
Cone, in 
solution 
1/5000 N 
1/500 N 
1/50 N 
1/10 N 
Accumulation 
factor 
25.0 
17.6 
2.4 
0.78 
NaCl 
Cone, in 
solution 
1/5000 N 
1/500 N 
1/50 N 
1/10N 
Accumulation 
factor 
46.7 
27.0 
3.5 
0.83 
CaClij 
Cone, in 
solution 
1/5000 N 
1/500 N 
1/50 N 
1/10N 
Accumulation 
factor 
15.3 
2.8 
0.51 
0.24 
From these figures it is clear that at low concentrations of nutrient substances 
accumulation results. 
STEWARD (142, 143, 144) made many experiments with slices of potato in a 
solution of potassium bromide; he varied the concentration of the KBr in the 
solution, and several other conditions. He found an accumulation factor which 
varied from 1 to 40. He reported in other experiments an accumulation factor 
for bromine of 1000 and more. HOAGLAND and BROYER (65), with barley roots 
in a solution of potassium nitrate and potassium bromide, found an accumula-
tion factor of 1-15, depending on conditions. 
An element may be very highly concentrated, especially at the extreme tip of 
the root, as has been found for phosphorus (1000-2500 times) by SCOTT RUSSELL 
(130, see 56), for yttrium (5000 times) by REDISKE and SELDERS (123), and for 
caesium by WILLIAMS and COLEMAN (170). 
HOAGLAND has concluded (62) that plants take up relatively less water than 
nutrient salts from a nutrient solution, so that accumulation of nutrient salts 
in the plant results. Since the plant evaporates water via the leaves, the accumu-
lation becomes still greater. He also found a greater accumulation from a 
nutrient medium with low concentrations of salts than from a nutrient solution 
with high concentrations. 
MEURER (97) and NATHANSSOHN (104) found an accumulation factor below 1 
in the case of the uptake of various salts from a solution by slices of beetroot, 
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carrot, etc., but these investigators used a fairly high concentration in the 
solution, namely 1/12-1/70 N. 
OLSEN (113) found that the uptake of various ions by plants is independent of 
the concentration in the nutrient solution, provided this concentration is not 
very small and all ions are varied to the same extent. The plants accordingly 
take up the available ions until a certain concentration in the plant is reached. 
This result was also obtained by other investigators using fairly high concen-
trations (153). 
In addition to the concentration of an element in the soil there are many 
other factors that play a part in connexion with the uptake by the plant. If one 
compares the content of an element in the soil and in the plant, strongly different 
results will be found (109, 116, 188, 127), BEESON (10) collected the data relating 
to the barium content of a plant and the barium content of the soil in which it 
was growing. Table 13 gives a survey of this data. 
TABLE 13 
Barium content of various plants in relation to the barium content of the soil 
Kind of plant 
Barium content of 
the soil in p.p.m. 
of the dry matter 
1460 
540 
470 
4750 
350 
36 
2570 
Barium content of 
the plant in p.p.m. 
of the dry matter 
1300 
18 
70 
3 
170 
63 
18 
Lucerne 
„ before flowering. 
„ during flowering. 
Apple 
Bean plant 
Maize plant 
The figures shown are very variable. BEESON found just as great differences in 
data collected in the same way with regard to the selenium content of plants and 
that of the soil in which they were growing (Table 14). 
TABLE 14 
Selenium content of various plants in relation to the selenium content of the soil 
Plant species 
" 
Medicago sativa 
Se content of the 
soil in p.p.m. of 
the dry matter 
7 
1 
1 
0.7 
7 
6 
3 
2.5 
2 
1 
0.3 
Se content of the 
plant in p.p.m. 
of the dry matter 
5560 
920 
1 
70 
12 
2670 
5 
1210 
60 
100 
FUYIMOTO and SHERMAN (48) found little correlation between the molybde-
num content of the soil and of the plants growing in it. 
56 (16) 21 
Summarizing, we may state that plants accumulate the normal nutrient ele-
ments from a nutrient solution which contains not too high a concentration of 
nutrient salts. With regard to accumulation from the soil, in which many factors 
play a part, it is not possible to draw a definite conclusion, but one should 
always take into account the possibility of accumulation. In our review of the 
various elements we shall revert to each individual element in so far as data are 
available (see section IV). 
2.5. The rate of uptake and the transport in the plant 
Plants can take up the mineral components from a nutrient medium very 
quickly. Five minutes after elements have been added to a nutrient solution 
they can be traced in the root in higher concentrations than those in the solu-
tion (73). It has been shown that radioactive phosphorus may be transported 
from the roots to the top of tomato plants nearly 1.80 m high in 40 minutes (5) ; 
similarly, transportation of radio active phosphorus to the leaves of maize 
plants 20 cm high could be proved after 5 minutes (27). CRAFTS and BROYER (34) 
demonstrated the presence of bromine in the leaf of a plant 30 minutes after its 
roots had been placed in a solution of potassium bromide. STOUT et al. (147) 
showed Br85 in the leaves of a pumpkin at a distance of nearly 4.50 m from the 
roots five minutes after the bromine had been added to the nutrient solution. 
MOORE (101) demonstrated that the upward movement of phosphorus in maize 
roots was at the rate of 4 cm p.h., whilst radioactive phosphorus that had been 
administered to part of the roots had spread through the entire maize plant 
within a few hours. BIDDULPH found that phosphorus moves in bean plants at a 
rate of approximately 1 m p.h. (17). 
It follows from the available data that the uptake and distribution of nutrient 
substances by the plant always is very rapid. When (radioactive) elements come 
within the reach of the roots of a plant, one must immediately consider the 
possibility that these substances are present in the plant. 
Plankton growing in water in which radioactive elements occur reaches the 
highest concentration of radioactive substances within 15 hours. Algae were 
found to reach this maximum only after 18 days (45, 169). 
2.6. The root system of the plant 
The development of the root of the plant depends on the plant species and the 
conditions under which it is growing (52). Some plant species seem to adapt 
themselves to conditions more readily than others. If the food and water supply in 
the topsoil is adequate, the roots of plants will generally grow more closely to the 
surface than they do if the food and water supply there is insufficient. The air 
supply in the topsoil and subsurface layer has a reverse action in this connexion. 
In potcultures in which the development of the root system is restricted, the 
plant often grows normally when there is sufficient water and food (53). In a 
field where rainfall is not so regular the plant in general will have deeper roots 
than when cultivated in a pot. 
The food is taken up from the depth to which the roots descend, but most of 
food is usually taken up from a smaller depth (greatest root density at approx-
imately 60 cm). 
WEAVER, JEAN and CRIST (167) found that 65% of wild meadow plants had 
roots extending down to more than 1.50 m and that a few plants even went as 
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deep as 6 m. In the case of cereals they found a usual root depth of as much as 
1.80 m and the greatest density of roots at about 1 m. WEAVER and BRUNER 
(166) studied root development in various horticultural crops and found the 
greatest depth reached to be about 4.50 m, while the roots were able to extend 
horizontally for a distance of 6 m from the base of the plant. The data relating 
to a few horticultural plants for the greatest root depth and the depth at which 
most roots are to be found are summarized in Table 15. 
TABLE 15 
Greatest root depth and depth of greatest root density of a few 
horticultural plants 
Plant 
Asparagus (6 
Rhubarb (4 
Beetroot . . 
Cabbage . . 
Turnip . . . 
Radish . . . 
Butter bean . 
Cucumber . 
Lettuce. . . 
yrs 
yrs. 
old) . 
old) . 
Greatest 
root depth 
in metres 
3 
3 
3.30 
2.25 
1.75 
2.80 
1 
1.75 
1.20 
2.40 
Depth of 
greatest root 
density in metres 
2 
Î.50 
1.50 
0.30 
0.50 
1 
1 
1.50 
Fruit trees (50, page 55) have their roots - at least in damp zones - fairly near 
to the surface, most roots being in the layer 7-25 cm deep. When the conditions 
are more suitable for deep rooting as regards the air, nutrition and moisture in 
the soil, the trees may root far more deeply. The maximum root depths recorded 
for cherry and plum trees are 6-7.5 metres. When the roots grow nearer to the 
surface they will, as a rule, extend to a greater lateral distance. It is then possible 
that the horizontal distance from the root tip to the foot of the tree is far greater 
than the width of the crown. In the case of an apple tree the length of the root 
from the trunk may be 9 metres. 
Plant roots nearly always reach the ground water, which communicates with 
the normal water drainage canals. The plants may therefore come into contact 
with radioactive waste products that are being carried by this canal water. 
3. ELEMENTS IN GENERAL 
3.1. The presence in the plant 
The elements occurring in the plant may be divided into : 
a. those which the plant needs for its proper development; 
b. those not essential for its development. 
To the first category the elements C, H and O belong, which form no part of 
the mineral food and, in our case, play no important part. 
The mineral nutrients may be divided into elements which are taken up by the 
plant in fairly large quantities : the macro elements, and those which are taken 
up in small quantities: the micro or trace elements. The macro elements com-
prise: Ca, Mg, K, N, P and S. The micro elements comprise: Fe, Mn, Zn, Cu, B 
and Co. As far as is known the remaining elements are not essential for the 
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proper growth of the plant. No fewer than 45 of these non-essential elements 
have been demonstrated in plants (125). It is probable that all elements except 
the inert gases, occasionally occur in plants (125), (149). Sometimes the quan-
tities present in the plant are so small that it has so far not been possible to 
demonstrate their presence. 
3.2. The presence in the soil 
The nutrient elements occur in the soil in various forms (103), viz., 
a. in aqueous solution. 
b. adsorbed on organic or inorganic soil colloids ; 
c. as constituents of the organic matter ; 
d. as insoluble inorganic matter. 
The plants most readily take up their nutrient elements from an aqueous 
solution. Therefore, the total amount of an element in the soil is often less im-
portant for the uptake by the plant than its amount in solution. MEINCK (92) 
examined two samples of soil with the same total content of iodine. One sample 
contained 168 parts per litre of soluble iodine, whereas the other contained 502 
parts of soluble iodine. The potatoes grown in soil from which the latter sample 
was taken contained 3 times as much iodine as those from the former soil. 
An examination of the phosphate condition of the soil shows that the content 
of phosphate soluble in water (P-number) and especially the content of phos-
phate soluble in a 1 per cent citric acid solution (P-citric acid extraction num-
ber) gives a better indication of the phosphate uptake by plants than the total 
phosphate content (116, 162 page 83). 
The concentration of the elements present in the soil solution is generally very 
low and not in itself adequate for the nourishment of the plant. The content 
in the soil solution will be in a certain proportion to the amounts adsorbed at 
the soil colloids. As soon as the plants take up nutrients from the solution they 
have to be replaced from the colloids. Nitrate and phosphate in particular will 
continuously have to be supplied the soil solution from other sources (b, c 
and d). The roots may also take up mineral nutrients directly from the soil 
particles (149). The composition of the soil solution may vary from time to time 
because of temporary and local conditions (e.g. rain), and may also differ 
greatly in the various types of soil. 
3.3. Transportation of the elements in the soil 
The elements which occur in the soil solution in a dissolved state may be 
transported through the soil. Water is drawn from the soil solution by evapora-
tion, by the uptake of water by plants and by drainage into canals and rivers, 
whilst precipitation and irrigation supply water. Owing to these influence the 
soil solution is in constant motion; the weather affects the extent of this move-
ment. 
The transportation of nutrient salts dissolved in the soil solution greatly 
decreases when they are precipitated by inorganic elements, or adsorbed on 
particles of soil or organic matter. If the elements do not occur in a dissolved 
state they hardly move through the soil. 
The transportation of phosphate in particular is often very slight, owing to its 
adsorption on the soil (162, page 78). Phosphate fertiliser administered at seed 
depth, i.e. close to the roots, consequently gives the best results, as has been 
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demonstrated by BALLARD and D E A N (6), U L R I C H , JACOBSON and OVERSTREET 
(159), LAWTON et al. (83), NELSON et al. (108), and DE W I T (171). The uptake of 
phosphate fertiliser decreases when the roots have penetrated beyond the ad-
ministration zone (89). D I O N , D E H M and SPINKS (37) planted wheat in rows 20 
cm apart. One row was fertilised with ordinary phosphorus, the other with radio-
active phosphorus. These experiments showed that wheat plants did not take 
up any phosphorus from the adjacent row. U L R I C H , JACOBSON and OVERSTREET 
(159) found that a vine took u p none of the phosphorus that had been ad-
ministered at a distance of 1 metre from the base of the plant ; the roots exten-
ded laterally to about \ m from the base of the stalk. According to these ex-
periments there is thus very little lateral movement. 
The vertical movement has also often been found to be very slight. HENDER-
SON (59) poured a phosphate solution over the surface of the soil and showed 
that most of the phosphorus remained in the upper 4 cm, whilst in some types of 
soil which fix phosphorus very strongly the phosphorus did not penetrate more 
than 2\ cm into the soil. Potassium administered in the same way likewise 
penetrated to a depth of only 4 cm. The water had meanwhile reached a depth 
of 20 cm. U L R I C H , JACOBSON and OVERSTREET (159), in similar experiments with 
phosphate demonstrated that after 43 days the phosphorus had only penetrated 
to a depth of 28 cm, whereas the water had reached a depth of 50 cm; 8 6 % of 
the phosphate was still in the uppermost 20 cm. HAASJES and SISSINGH (57) 
found that phosphate fertiliser administered to the uppermost 0.5 cm of the 
ground was still almost completely in the uppermost 2 cm after 27 days. 
Whereas the mentioned investigators found only a slight displacement of the 
phosphate, DE VRIES and DECHERING (162, page 76) showed that in some types 
of soil there definitely was a considerable vertical movement of the phosphate. 
They determined the phosphate content of the soil in an experimental field on 
newly reclaimed moorland ('dalgrond') at various depths and found the follow-
ing numbers for the content of water soluble phosphate (P-number) as summa-
rised in Table 16. 
TABLE 16 
Movement of phosphate in the soil 
Planting furrow 
Unfertilised 
Fertilised 
0-10 cm 
2 
21 
10-20 cm 
7 
25 
20-30 cm 
14 
33 
After fertilization, the phosphate content increases also in the layers under the 
planting furrow. 
Conclusion: Owing to the movement of water in the soil, dissolved salts may 
be transported. This movement may be considerably decreased if the mineral 
substances are fixed as insoluble salts or are adsorbed on soil particles. 
3.4. Elements found in waste water from a nuclear reactor 
A uranium or plutonium nucleus is split into two parts, one bigger than the 
other. The atomic weight of the newly formed elements Hes between about 65 
and 150 (81). Nearly all these elements are radioactive. They occur in various 
quantities in the fission products. The greater part are elements with atomic 
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weights of about 96 (molybdenum) and 141 (praseodymium); the quantities 
decrease on each side of these maxima. Apart from the quantities in which 
the elements occur, the half-life is also important for their contribution to the 
total radioactivity of the fission products. If the half-life period is small, the 
life of the radioactive element will be short and the radio-active effect, al-
though more violent, will disappear quickly. Below we shall discuss those 
elements which, in view of the quantity in which they occur, and their half-life 
periods, make a noticeable contribution to the total radioactivity of the fission 
products. These elements may be present in a dissolved state in the waste 
water of the nuclear reactor. 
Among them are the micro-elements : strontium and molybdenum and the 
non-essential elements: barium, caesium, cerium, idodine, lanthanium, praseo-
dymium, yttrium and zirconium. Moreover, the cooling water may contain 
radioactive phosphorus, a macro-element. There may also be other elements, 
depending on circumstances and the materials used. In the following pages we 
shall deal with the above-mentioned elements which, as demonstrated, are likely 
to occur in the waste water from a nuclear reactor. 
4 . SURVEY OF THE ELEMENTS FOUND IN WASTE WATER 
FROM A NUCLEAR REACTOR 
4.1. Molybdenum (Mo) 
4.I.A. I n t r o d u c t i o n 
Molybdenum 99 has a short half-life period, namely 67 hours. After one day 
molybdenum may still account for a few percents of the total radioactivity of 
the fission products, but after 1 month it no longer plays a part. 
4.1.Z». C o n c e n t r a t i o n in the p l an t and in the soil 
Molybdenum almost invariably occurs in plants (64). The Mo content of 
various plants has been determined by many investigators (11, 12, 13, 40, 96, 
141, 160). According to TER MEULEN (96) the Mo content of several plants is 
0.01-9 p.p.m. of the dry matter. Leguminosae contain more molybdenum than 
other plants. The Mo content of Leguminosae seed averages 5.5 p.p.m., whereas 
seeds from other plants contain on an average 4.6 p.p.m. of the dry matter. 
The Mo content of some plants according to BERTAND (11) in p.p.m. of the dry 
matter is: 
Maize 1 
Butter beans 3.8 
Various fruits 0.19-3 
Pea seeds 3.2 -7.6 
EVANS and PURVIS (40) determined the Mo content in 18 different samples of 
soil and found 0.8-3.3 p.p.m. SCHARRER (133) reports that in various types of 
soil the Mo content varies from 0.0005-12 p.p.m. There are types of soil with a 
far higher Mo content (up to 100 p.p.m. (43)). The vegetation then contains so 
much molybdenum that it may cause harm to animals which feed on it. 
4.I.e. M o l y b d e n u m in the p l a n t 
Mo is necessary as a catalyser in the fixation of nitrogen and the reduction of 
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nitrate. It therefore frequently occurs in the nitrogen-fixing Leguminosae and 
particularly in the root nodules of these plants (133). 
Molybdenum is rapidly taken up from a nutrient solution and transported to 
the leaves (148). 
4.l.d. M o l y b d e n u m in the soil 
In acid soils Mo combines with the soil particles (48). Accordingly, it is more 
easily taken up from an alkaline soil (133). If lime is added to the soil so that it 
becomes less acid, the Mo content of Leguminosae may increase 6-10 times 
(126). According to the results of certain experiments, already referred to above, 
the Mo uptake by the plant increases when phosphate has been administered, 
whereas the Mo uptake of the plant decreases when sulphate is administered 
(150, see also 2.2.e>)-
As a rule there is a clear relationship between the Mo content of the nutrient 
medium and that of the plant (40, 48, 133). 
4.1.e. A c c u m u l a t i o n of m o l y b d e n u m 
A comparison of the average Mo content of the plant and that of the soil (as 
reported in 4.1.6) shows that they are of the same order of magnitude. This 
tends to indicate that as a rule no considerable accumulation of Mo occurs in 
the plant. 
Various investigators examined the Mo content of soils and of the plants 
growing on them. Table 17 shows some of the results obtained: 
TABLE 17 
Relationship between the molybdenum content of the soil and the vegetation 
Mo content of the 
soil in p.p.m. 
of the dry matter 
Mo content of the 
plant in p.p.m. 
of the dry matter 
Type 
of 
vegetation 
Author 
3-6 
0.001-0.01 
2.1-3.0 
5-220 
0.002-0.01 
7.0-13.0 
Various plants 
Grass 
Grass 
BARSHAD et al. (8) 
FERGUSON et al. (43) 
WALSH et al. (164) 
Although usually there is no accumulation, it will be seen from the figures 
given by BARSHAD that Mo may be accumulated. SCHARRER (133) also reports 
that some plants have a high Mo content e.g. Vigna sinensis with 281 p.p.m. of 
the dry weight. ROBINSON and EDGINGTON (125) report for a species of aster 
221 p.p.m. of Mo and for Hieracium aurantiacum 333 p.p.m. 
There may be a considerable accumulation of molybdenum in aquatic plants. 
TER MEULEN found 0.16 mg Mo per kg in aquatic plants while no Mo could be 
demonstrated in the water in which they were growing (95). In Azolla, TER 
MEULEN found a Mo content of 1.13 p.p.m. of the dry matter, whereas the sur-
rounding water contained 0.00009 p.p.m. of Mo. Thus, an accumulation greater 
than 10,000-fold occurs. BLACK and MITCHELL (21) found that brown algae 
accumulated Mo from sea water with a factor 2-15. 
The parts of plants in which Mo is accumulated are the seeds and the root 
nodules. According to VINOGRADOVA (160) the root nodules of clover contain 
11 p.p.m. whereas the entire plant has a Mo content of 4.7 p.p.m. of the dry 
matter. BERTRAND (13) reports that the Mo content may be 22 times as high 
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in the root nodules as in the rest of the plant (see 2.3.a). As the root nodules are 
not for consumption, the accumulation presents no danger, not even in the case 
of radioactive isotopes. 
4.1./. Conc lus ion 
Molybdenum, which, owing to its short half-life, plays only a small part in 
the radio activity of the waste water from a nuclear reactor and which is only 
rarely accumulated by plants, will present very little danger, except, perhaps, in 
the case of aquatic plants. 
4.2. Strontium (Sr) 
4.2.a. I n t r o d u c t i o n 
Strontium, like molybdenum, is an element that plants need for proper devel-
opment. Among the fission products are three isotopes of strontium, namely 
89, 90 and 91, having half-lives and contributing to the product radioactivity as 
indicated in table 18. 
TABLE 18 
Relative share of the Sr isotopes in the total radio activity of the fission products 
Sr89 
Sr90 
Sr91 
Half life 
period 
53 days 
19.9 years 
9.7 hours 
Contribution to total r.a. of fission products 
After 1 day 
£ 7 0 / 
« • ' la 
After 1 month 
6.7% 
After 1 year 
2.7% 
19.9% 
(together with 
Y90) 
It is evident that two of the strontium isotopes may present difficulties owing 
to their fairly long life. 
A.l.b. The Sr c o n c e n t r a t i o n in the p l an t and in the soil 
SCHARRER (133) reports that the Sr content of plants is 10-100 p.p.m. of the 
dry matter. FLOCKER (44) determined the Sr content of various plants growing 
in different types of soil and found that the edible parts had an Sr content of 
41-419 p.p.m. of the dry matter. In some cases strontium had been added to the 
soil in which the plants were growing. Sugar beets which had been fertilised with 
lime that contained strontium had an Sr content of 206 p.p.m. of the dry matter 
(85). The Sr content of plants has also been determined by other workers, who 
found figures corresponding to those given above (100, 127). 
According to SCHARRER (133) the Sr content of soil is 100-1000 p.p.m. of the 
dry matter. ROBINSON, STEINKÖNIG and MILLER (127) determined the Sr content 
of various soils and found 20-1100 p.p.m. 
4.2.C. S t r o n t i u m in the p l an t 
Strontium sometimes has a favourable and sometimes an unfavourable 
influence on the plant. According to SCHARRER (133) strontium has a favour-
able effect on wheat and maize, but an adverse effect on peas and rye. In 
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his opinion strontium has a favourable influence on the formation and the 
growth of fruit. 
Strontium does not move very much in the plant: once it has been taken up 
in one of the aerial parts it does not shift to younger parts (122). The highest 
Sr content is found in the leaves, the lowest in the seeds, The content of stems 
and roots lies between both (107). 
A.l.d. S t ron t i um in the soil 
The acidity of the soil has an influence on the Sr uptake of the plants. Plants 
take up less Sr from acid soils than from alkaline soils (1, 122, 129, 134; see 
2.2.d.). Ca may be taken up instead of Sr and vice versa (44, 133). When the Sr 
content of the soil is increased, the Sr content of the plant also increases (44, 
122). 
4.2.e. A c c u m u l a t i o n of s t r o n t i u m in the p l an t 
If we consider the figures given by SCHARRER and ROBINSON, STEINKÖNING 
and MILLER with regard to the Sr content of various types of soil and plants (see 
4.2.b.), we find on the whole, no great accumulation. 
A number of investigators have recently studied the uptake of nuclear 
fission products by plants (82, 107, 120, 129, 138). These investigators 
added to the soil or to a nutrient solution several radioactive fission products, 
e.g. strontium, caesium, cerium, ruthenium, yttrium, or a mixture of these. They 
found that the plants took up far more of the strontium than of the other ele-
ments, so that strontium is thus often accumulated. According to NEEL et al. 
(107) the accumulation factor in relation to the soil may be 14 in the case of 
bean leaves. REDISKE and HUNGATE (120) found an accumulation factor of 3 in 
the leaves of oats. REDISKE and SELDERS (122) found that the accumulation 
factor from a nutrient solution may be as high as 100 if the nutrient solution 
contains 10~*-100 p.p.m. of strontium. They found that a soil containing 
10 p.p.m. of Sr gave rise to an accumulation factor of 1.4 .These investigators 
therefore did not find any great accumulation when soil was used (121). 
SPOONER (140) grew seaweeds in sea water containing radioactive strontium. 
Brown algae took up strontium in concentrations higher than those present in 
the water; for instance Fucus serratus had an accumulation factor of 40, Lami-
naria digitata a factor of 14, etc. Red and green algae took up very little Sr. 
The Sr content of leaves is higher than that of the rest of the plant, but very 
high local accumulations do not occur. 
4.2./. Conc lus ion 
Strontium, which has a fairly long life and is responsible for a considerable 
part of the radioactivity in fission products will generally be taken up by plants 
to some extent; an extra margin of safety is, therefore, desirable. No very great 
accumulations of strontium have yet been found. 
4.3. Barium (Ba) 
4.3.A. I n t r o d u c t i o n 
Ba137 has a half-life period of 2.6 months. Together with Cs137, from which 
it originates, it accounts for as much as 1.5% of the total radioactivity 
of the fission products after 1 year. Ba140 has a half-life period of 12.8 days. 
56 (16) 29 
After 1 month it contributes 10.8% of the total radioactivity of fission products. 
After one year it has become negligible. 
4.3.b. C o n c e n t r a t i o n in the p l an t and in the soil 
SCHARRER (133) reports that the Ba content of plants is 28-570 p.p.m. of the 
dry matter. ROBINSON, STEINKÖNIG and MILLER (127) in several plants found a 
Ba content that varied from 20-640 p.p.m. of the dry matter. ROBINSON, WHET-
STONE and EDGINGTON (128) found similar values (the lowest being that for grain s 
of wheat and maize, namely 10 p.p.m.); in some cases they report a very high 
Ba content: 
lucerne 1400 p.p.m. 
soya beans 1290 p.p.m. 
black walnuts 2860 p.p.m. 
Hicoria ovata 970 p.p.m. 
Probably, the soil in these cases had a very high barium content. Other inves-
tigators (127) report a much lower Ba content in the case of lucerne (20-80 
p.p.m.). 
Ba has also been demonstrated in seaweeds (24). The content was 10-50 
p.p.m. of the ash. 
According to SCHARRER (133), the Ba content of the soil is from 820 to about 
1700 p.p.m. of the dry matter. ROBINSON, STEINKÖNIG and MILLER (127) deter-
mined the Ba content of various samples of soil and found 40-5300 p.p.m. of 
the dry weight. 
4.3.C. A c c u m u l a t i o n of b a r i u m by p l a n t s 
If one compares the average Ba content of soil and of plants, as reported by 
various authors (see 4.3.6.), no definite evidence for barium accumulation is 
apparent. A fairly high barium content is mentioned in literature for some 
plants: ROBINSON and EDGINGTON (125) found in Brazil nuts a content of 4030 
p.p.m. of the dry matter. ROBINSON and others found a fairly high Ba content 
also in other plants (128) (see 4.3.b). It is probable that in those cases the soil 
contained much barium; and the accumulation is not so great after all (see also 
127). 
4.3.d. Conc lus ion 
As a rule Ba is not accumulated by plants to any considerable degree. A fairly 
high Ba content may occur in plants in exceptional cases, but even then there 
is no definite proof for a considerable accumulation. 
4.4. Caesium (Cs) 
4.4.a. I n t r o d u c t i o n 
The isotope Cs137 occurs as a fission product. The half-life period is long, viz. 
33 years. Together with the subsidiary product Ba137 it contributes, after a space 
of one year, 1.5% cf the total radioactivity of the fission products. It is not 
essential for plants and may even be poisonous. 
4.4.b. C o n c e n t r a t i o n in the p l an t and in the soil 
THOMAS (155) demonstrated Cs in various samples of soil and in various 
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plants. LiPMANN (84) found Cs in sugar beets. BERTRAND and BERTRAND (14,15) 
determined the Cs content of 35 different seed plants. This content varied from 
3 p.p.m. of the dry matter in the case of Gnaphalium undulatum to 88.5 p.p.m. 
of the dry weight in the case of Verbena officinalis. In fungi they found 21.9 
p.p.m. Cs of the dry matter. They also examined the Cs content of the soil in 
which these plants were growing. Eleven different samples contained 0.3-25.7 
p.p.m. of the dry matter. 
YAGAMATU and KUROBE (173) found only 0.17 p.p.m. Cs in the ash of tobacco 
leaves. 
4.4.C. Inf luence of the soil on the Cs up t ake 
ROMNEY et al. (129) found that plants took up more Cs from acid soil than 
from alkaline soil. 
4.4.<£ Cs a c c u m u l a t i o n by p l an t s 
If we compare the values which BERTRAND and BERTRAND (14,15) found for 
the Cs content of the soil and the plants growing in it, (see 4A.b.) we find that 
there is no great accumulation of Cs by plants. Various investigators (107, 121, 
129) determined the uptake and accumulation of radioactive fission products by 
plants and found that only very small quantities of Cs are taken up by plants 
and that Cs is not accumulated in the plants. WILLIAMS and COLEMAN (170) 
found that much Cs was adsorbed on the surface of roots, especially on the 
extreme root tip (2 mm). 
SCOTT (135) grew seaweeds in water to which radioactive Cs had been added 
(1-10 p.p. 109) and found accumulation in several cases. The Cs concen-
tration in Fucus vesiculosus was more than 100 times that found in the sea water, 
that in Rhodymenia palmata more than 1000 times. 
AA.e. Conc lus ion 
Caesium has a fairly long life but does not account for much of the total radio-
activity of the fission products. It is not accumulated by land plants. It is, there-
fore, probable that no danger is to be expected from Cs, except through a 
possible accumulation by aquatic plants. 
4.5. Iodine (ƒ) 
4.5.a. I n t r o d u c t i o n 
The fission products include several iodine isotopes. The half-life of such 
isotopes is fairly short, viz., 8.14 days in the case of I131 and less than 1 day in the 
case of other isotopes. The contribution of I to the total radioactivity of the 
fission products is 14.7% after 1 day, 3.7% after one month, whilst after one 
year it no longer plays a part. 
Iodine, which is necessary for good health in man and animals, is apparently 
not needed by plants. 
4.5.£. C o n c e n t r a t i o n in the p lan t and in the soil 
In (72) it is reported that the iodine content of various plants is about 0.1-1 
p.p.m. of the dry matter, for instance : 
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Wheat straw . . 
A grass species . 
Red clover . . . 
Watercress . . . 
A grass species . 
Feijovia selkowiana 
0.07 
0.15 
0.31 
0.45 
1.18 
8.94 
figures from different authors 
According to NEWTON and TOTH (110) various plants contain 0.20-1.05 p.p.m. 
I of the dry weight. They found the highest content in wild carrot (5.16 p.p.m.) 
(109). After the soil was fertilised with iodine, there was a sharp rise in the I 
content of the plants. The I content then amounted to 1.25-61.2 p.p.m. of the 
dry matter. BEESON (10) gives similar figures for various plants. According to 
DIETZ (36) the I content of lettuce increased from 4.6 to 91.5 p.p.m. of the dry 
weight after the soil had been fertilised with potassium iodide. Other authors 
also found such an increase in the I content after the soil had been supplied with 
iodine (72). ROBINSON and EDGINGTON (125) report an I content of 49 and 95 
p.p.m. for spinach and turnip respectively, but these plants had been grown in 
soil which had been supplied with an artificial manure containing iodine. 
According to FELLENBERG (42), the I content of soils is 0.62-11.9 p.p.m. For 
Czechoslovakain soils, SCHARRER (113) reports I contents from 0 to 32.5 p.p.m. 
The I contents of seaweeds and other plants were as indicated in Table 19. 
TABLE 19 
Iodine content of marine plants 
Plant species 
Arothamnus bifidus . . . . 
Various sea plants . . . . 
Red and green algae 
Various seaweeds 
I content in p.p.m. 
of the dry matter 
4160 
2970 
2270 
200-29500 
560-6000 
360 
478 
600-6000 
Author 
TAKAHASHI and YOKOYAMA (151) 
(151) 
(151) 
(152) 
LUNDE (86) 
KOLLO and ANITESCU (78) 
„ „ „ (78) 
Various authors (72) 
The I content of seaweeds varies according to the seasons (72) and the depth 
at which they grow (20). The I content of sea water is 0.014-0.020 p.p.m. (146). 
4.5.C. Iod ine in the p l an t 
When the nutrient medium contains much iodine, the I content of the plant 
rises, especially in the aerial parts. When the I content of the nutrient medium 
is low, the iodine taken up remains mainly in the roots (110). 
Generally, the I content in the plant rises as the I content of the soil rises 
(36,110,146). According to MEINCK(92), the content of soluble I in the soil is more 
important for the I content of the plant than the total I content of the soil (see 3.2). 
4.5.d. A c c u m u l a t i o n of iodine by p l an t s 
Considering the figures for the I content of the soil and plants (see 4.5.b.), it 
may be said that as a rule no great accumulation of iodine by the plants is to be 
expected. HERCUS (60) examined the I content of various samples of soil and 
of the grass growing on it. His findings are presented in Table 20. 
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TABLE 20 
Iodine content of grass compared with iodine content in the soil 
I content in soil in p.p.m. 
285 
64 
25 
I content in grass in p.p.m. 
0.326 
0.068 
0.067 
NEWTON and TOTH (109) examined the I content of several samples of soil 
and of the trees and plants growing in it ; their findings are presented in table 21. 
TABLE 21 
Iodine content of various plants compared with the iodine content of the soil 
I content 
of the soil 
in p.p.m. 
12.1 
8.0 
4.6 
2.8 
1.6 
I content in plants in p.p .m. 
Sasasfras 
sassafras 
0.23 
0.34 
0.33 
0.78 
0.36 
Ambrosia 
trifida 
0.38 
0,74 
-
0.94 
0.70 
Daucus 
carota 
0.78 
0.34 
-
5.16 
0.10 
Quercus 
spec. 
0.43 
0.34 
1.18 
0.26 
0.23 
STOKLASA (146) examined the I content of many plants and of the soil in 
which they were growing. He also found a higher I content in plants when the 
soil contained more iodine, but he never found a considerable accumulation 
(Table 22). 
TABLE 22 
Iodine contents of some plants in soils with different I contents 
I content of the 
soil in p.p.10* 
217 
712 
248 
872 
269 
915 
236 
859 
292 
508 
320 
508 
310 
988 
I content of the 
plant in p.p.109 
of the dry matter 
993.5 
5450 
637 
765.6 
693 
857 
1300 
2600 
332 
467 
215 
212 
318 
955 
Plant species 
Nephrodiumfilix mas. 
Caltha palustris 
Pulmonaria officinalis 
Cucumis sativus (cucumber) 
Brassica oleracea 
Medicago sativa (lucerne) 
„ Solanum lycopersicum (tomato) 
» 
The I content of the plant is sometimes higher than that of the soil, but it 
is referred to the dry weight. If we refer the figure to fresh weight we find no 
accumulation. None of the mentioned investigators has found any accumulation 
of iodine in the case of land plants. REDISKE and SELDERS (121), however, 
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give an accumulation factor of 3.5 for the I uptake of oats from sandy soil. 
(Halophytes, see later.) 
The I contents of various parts of a plant do not differ to such an extent that 
strong local accumulation occurs (146). It appears that the I content of aquatic 
plants may be far greater than that of the surrounding water and also that of 
halophytes. STOKLASA (146) examined the I content of several aquatic and sea-
shore plants and that of the surrounding water. (Table 23) 
TABLE 23 
Accumulation of iodine from the medium by aquatic plants 
I content of the 
water in p.p. 10" 
Fresh 
water 
Salt 
water 
1.06 
0.98 
0.84 
1.53 
0.57 
14.0 
14.5 
14.7 
14.0 
13.55 
18.6 
19.3 
I content of the 
plant in p.p. 10" 
of the dry matter 
2039 
1829 
2132.6 
988 
1075 
2960.4 
2891.6 
4979.1 
4065.6 
5481.9 
4628 
2184.3 
Plant species 
Ranunculus aquatitis 
Nymphaea alba 
Cladophora specs 
Spirogyra specs 
Conferva bombycina 
Elymus arenarius 
Ammophila arenaria 
Carex arenaria 
Eryngium maritimum 
Cecile maritimum 
Lathy rus maritimus 
Lotus corniculatus 
We find a considerable accumulation of iodine both in fresh water plants and 
in sea-shore plants. In the case of aquatic plants the accumulation factor is often 
more than 1000; the greatest for Cladophora, viz. 2539. For sea-shore plants 
the accumulation factor is more than 100; the greatest accumulation factor 
was found by STOKLASA in Cecile maritimum, viz., 405. 
4.5.e. Conclus ion 
Owing to its short half-life period iodine is of moderate importance as ragards 
the radioactivity of the fission products. In land plants iodine as a rule is not 
accumulated but there is a considerable accumulation in aquatic plants and in 
land plants growing in salty soil. Neither aquatic plants nor halophytes are used 
for human consumption. They can therefore only present as indirect danger if 
radioactive isotopes are present: aquatic plants are eaten by some birds; 
plankton by fishes ; halophytes by sheep on salt marshes, and by goats in the 
dunes. These animals in turn are eaten by man. 
4.6. Cerium, Lanthanium, Yttrium {Ce, La, Y) 
4.6.Û. I n t r o d u c t i o n 
These elements are considered together because they have many character-
istics in common; they are often determined jointly by the investigators. 
The half-life period and the contribution to the total radio-activity of 
the fission products for the various isotopes of these elements is given in 
Table 24. 
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TABLE 24 
Contribution of Ce, La and Y to the total radioactivity of the fission products after different 
periods 
Isotope 
Ce141 
Ce143 . . . . 
Ce144 . . . . 
La140 . . . . 
La141 
Y"o 
Y91 
y 9 2 
Y»3 
Half-life 
period 
33.1 day 
33 hours 
282 days 
40 hours 
3.7 hours 
61 hours 
61 days 
3.6 hours 
10 hours 
Contribution to the total radioactivity 
of the fission products 
After 1 day 
6.8% 
-
-
1.4% 
— 
2.9% 
4.2% 
7.6% 
After 1 month 
11.2% 
-
2.0% 
12.5% 
-
— 
7.6% 
-
-
After 1 year 
-
26.5% 
-
-
19.9% 
(together with Sr90) 
3.9% 
_ 
-
Several isotopes of these elements thus are very important for the radio-
activity of the fission products. 
As far as is known these elements are not essential for the growth of plants. 
Ce and La belong to the rare-earth metals. Several investigators also take Y as 
belonging to them. 
4.6.6. The c o n c e n t r a t i o n or rare-ear th meta ls in the soil and in the 
p l an t 
SCRIBNER (136) reports that rare-earth metals (i.a. Y, La, Ce) have been found 
in the ash of Hicoriasp., white birch, Symplocos tinctoria, and brambles. The 
content of rare-earth metals in Hicoria sp. was found to be 0.2 % of the dry 
matter. BORNEMAN-STARYNKOVICH et al. (22) examined several plants and found 
in the ash of entire plants 2-30 p.p.m. of rare-earth metals. In the ash of green 
plant parts they found a content of rare-earth metals of 0-50 p.p.m.; Y, La and 
Ce were found to occur most. In the case of a few plants these investigators 
found the content of rare-earth metals in the fresh weight of the plant as given 
in Table 25. 
TABLE 25 
Content of rare-earth metals in a few plants 
Plant species 
Linaria genistifolia.... 
Chenopodium album . . . 
Birch leaf 
Beetroot leaf 
Content of rare-earth metals in p.p.m. of 
the fresh weight 
0.02 
0.14 
0.38 
0.32 
0.35 
1.56 
La and Y were demonstrated in the ash of the aquatic plant Lithothamnium. 
ROBINSON (124) determined the content of rare-earth metals in many plants. In 
most cases small quantities were found. Most prominent was Y (38 %), followed 
by La, then Ce and others. In soil with a fairly high content of rare-earth metals 
he found in various plants the values given in table 26. 
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TABLE 26 
Content of rare-earth metals in some parts of plants 
Plant species 
Lucerne . . . 
Beet roots . . 
Corn seed . . 
Corn leaf . . 
Bean leaf. . . 
Pea 
Rhubarb . . . 
Spinach . . . 
Tomato (fruit) 
Hicoria ovata . 
Content of rare-earth metals in p.p.m. of 
the dry matter 
21 and 52 
20 
5-10 
122-690 
34 
61 
100 
51 and 68 
4 
3-2296 
In various soils ROBINSON (124) found 100-800 p.p.m. of rare-earth metals. 
BORNEMAN-STARYNKOVICH et al. (22) found a fairly constant content of rare-
earth metals in various samples of soil, namely 200 p.p.m. MITCHELL (100) 
found an La content of 0-50 p.p.m. in various samples of soil and an Y content 
of 0-100 p.p.m. 
4.6.C. I n f l u e n c e of t h e s o i l 
REDISKE and SELDERS (123) found that more Y was taken up by the plant 
from an acid nutrient solution than from an alkaline solution. Y remains more 
soluble in acid environment; in alkaline soils it becomes adsorbed to the par-
ticles of the soil (NISHITA et. al. 112). 
More Ce is taken up by the plant from acid soils than from alkaline soils (129). 
4.6.d. T h e a c c u m u l a t i o n b y p l a n t s of C e , L a a n d Y 
Data given by BORNEMAN-STARYNKOVICH (22) and by ROBINSON (124) re-
garding the rare-earth content of the soil and of plants (see 4.6.Ô.) show that in 
general no accumulation of these elements may be expected. The content may 
be high as e.g. in Hicoria ovata, but, according to ROBINSON, the content of the 
soil then is also high. If we compare the highest content of rare-earth metals in 
the dry matter of the plant with the highest content in the soil (2296 and 800 
respectively [124]) we may conclude that this does not indicate any great accu-
mulation with respect to the fresh weight of the plant. 
Several investigators have determined the uptake by plants of various fission 
products, among which were Y and Ce. NEEL et al. (107) found that very little 
C e and Y was taken up from various types of soil by barley, beans, carrot, 
lettuce and radish. ROMNEY et al. (129), and REDISKE and SELDERS (121) obtained 
similar results. REDISKE and SELDERS (123), and JACOBSON and OVERSTREET (74) 
found during experiments with nutrient solution to which Ce and/or Y had been 
added that the roots accumulated a fairly large amount of Ce and Y (probably 
on the surface of the root), but that these elements were not transported to the 
aerial parts of the plants. Thus, there was no accumulation in the plant. Any 
accumulation on the root surface is only of importance in the case of plants the 
roots of which are eaten. Even then the intensely absorbing, most active parts of 
the root system (root tip, hair roots), as a rule remain in the soil. 
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SPOONER (140) added radioactive Y to sea water and determined its uptake 
by seaweeds. Red and green algae took up practically all the Y present which 
indicates accumulation; brown algae took up very little yttrium. 
We did not find any data with regard to the uptake of lanthanium by plants. 
4.6.e. Conc lus ion 
La was sometimes found in plants, but no data were found about the extent 
to which it is taken up by plants. 
Ce and Y, which are both of considerable importance for the radioactivity of 
fission products are not accumulated in the aerial parts of land plants. In order 
to ascertain what danger is connected to the accumulation of these elements in 
underground plant parts, further experiments in soil are necessary. Moreover, a 
considerable accumulation of Y may occur in aquatic plants. 
4.7. Niobium, ruthenium, tellurium and zirconium (Nb, Ru, Te, Zr) 
4.7.Ö. I n t r o d u c t i o n 
As very few data have been found about these elements, they are treated here 
jointly. 
The half-life period and the contribution to the total radioactivity of the 
fission products by the isotopes of these elements are given in Table 27. 
TABLE 27 
Relative contributions of niobium, ruthenium, tellurium and zirconium to the total radio-
activity of the fission products after different periods 
Isotope 
Nb95 
Nb97 
Ru103 . . . . 
Ru106 . . . . 
Te132 
Zr96 
Zr97 
Half-life 
period 
35 days 
72 months 
59.8 days 
1.0 year 
77.7 hours 
65 days 
17 hours 
After 1 day 
9.0% 
2.6% 
9.0% 
After 1 month 
4.1% 
5.7% 
5.1% 
8.2% 
After 1 year 
15% 
2.4% 
(together withRh106) 
7.3% 
Isotopes of Nb, Ru and Zr have fairly long half-life periods ; after one year 
they still contribute to the radioactivity of the fission products. Te is still of 
importance after one month. 
4J.b. The occur rence of Zr in the p l an t and in the soil 
GUELBENZU (55) investigated various plants and different types of soil and 
found Zr only in one kind of wheat. BOROVTK et al. (23) once demonstrated Zr in 
koksaghyz. MITCHELL (100) determined the Zr content of various vulcanic 
rocks and found a content of 30-700 p.p.m. SCHARRER (133) reported 30-800 
p.p.m. of Zr in soil. 
4.7.C. The u p t a k e by p l a n t s of Nb, Ru, Te and Zr 
Various investigators who studied the uptake of fission products by plants 
found that Ru was rarely, if ever, taken up by plants (107, 112, 129). REDISKE 
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and SELDERS (121) found that bean plants in a nutrient solution did not accumu-
late radioactive Ru in the leaf, but did so in the roots. The uptake by the plant 
was proportional to the concentration in the nutrient solution and more Ru was 
taken up from an acid medium than from an alkaline one. It is possible that 
also in this case the accumulation by the root was superficial. 
VLAMIS and PEARSON (161), in experiments in which radioactive Zr and Nb 
was added to the soil, found that the plants took up very little Zr and Nb. The 
roots did show signs of radioactivity caused by Zr and Nb, but they were 
polluted by particles of soil. JACOBSON and OVERSTREET (74) added radioactive 
Zr, Nb and Te to a clay suspension, and subsequently found an uptake of these 
elements in the roots of oat plants growing in the suspension, but no transport 
to the aerial parts. It is probable that the elements were concentrated at the 
surface of the root. A similar state of affairs was found with peas grown in soil 
to which radioactive Zr and Nb had been added. 
Therefore, no accumulation of any of these elements was found in the aerial 
parts of plants. 
AJ.d. Conc lus ion 
It appears that Nb, Ru, Te and Zr, which all highly contribute to the total 
radioactivity of the fission products, are not accumulated in the aerial parts of 
plants. However, only few data are available. In so far as conclusions may be 
drawn from this, it can be said that no danger is to be expected from these 
elements through accumulation in aerial parts of plants. More experiments of 
this nature are desirable also regarding accumulation in and at the roots. 
4.8. Rhodium, praseodymium andpromethium (Rh, Pr, Pm) 
The half-life period and the contribution to the total radioactivity of the 
fission products by the isotopes of these elements is given in Table 28. 
TABLE 28 
Relative contributions of praseodymium, rhodium and promethium to the total radioactivity 
of the fission products after different periods 
Isotope 
Pr144 
Pm14' . . . . 
Rh103 . . . . 
Rh106 . . . . 
Rh106 . . . . 
Half-life 
period 
17.5 months 
2.6 years 
57 months 
36.5 hours 
30 seconds 
After 1 day 
1.35% 
After 1 month 
5.5% 
After 1 year 
5.7% 
2.4% 
(together withRu106) 
These elements are important for the radioactivity of the fission products. 
No data have been found in literature regarding the uptake and accumulation 
of these elements. Experiments along this line would be important. 
4.9. Phosphorus (P) 
4.9.a. I n t r o d u c t i o n 
Radioactive phosphorus may occur in the sewage of a nuclear reactor as a 
constituent of the cooling water. The radioactive isotope (P32) has a half-life 
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period of 14.3 days. Consequently, the radioactive effect disappears fairly soon. 
A plant constantly needs fairly large quantities of phosphorus. Much has 
been published on the subject of phosphorus in the plant and in the soil; we 
shall restrict ourselves here to a general survey. 
A.9.b. C o n c e n t r a t i o n in the p l an t and in the soil 
In foodstuffs tables (79, p. 553; 158, p. 616) we find phosphorus contents of 
the various products as shown in Table 29. 
TABLE 29 
Phosphorus contents of agricultural products 
Crop 
Potatoes 
Vegetables 
Fruit 
Nuts 
Beans, peas, etc. . . . 
Meal products . . . . 
P content in p.p.m. 
of the fresh weight 
600 
200-1200 
2400 
100-500 
850-5000 
4000 
300-3900 
Average 
430 
190 
3340 
According to OTTEN and VEENSTRA (115) the phosphoric acid content in 
fertile clay soil is about 1700 p.p.m. ; in poor sandy soil it is about 300 p.p.m. 
As a rule, the phosphorus condition of soil is not expressed as total phospho-
rus content, but as water soluble phosphorus (P number) or as phosphorus 
soluble in 1 % citric acid (P citric acid). Both figures refer to P205 per 100 g of 
soil. The P number generally is 0-50, P citric acid 0-100, but each of them may 
have much higher values, namely over 50 and over 200 respectively. The P total 
number is 1 to 4 times these amounts. According to DE VRIES and DECHERING 
(162, page 98) the phosphorus content in various parcels of land differs greatly, 
even in agriculturally homogenous areas. This is mainly due to differences in 
administering fertilizers. 
4.9.C. P h o s p h o r u s in the p l an t 
Phosphorus is a constituent of nucleic acids (163). It is important for root 
development and for the ripening of fruit and seeds. The highest phosphorus 
content is in seeds and fruits and growing tissues (root and stem tips) (98). 
Phosphorus moves readily to other parts, for instance from older leaves to 
young, growing parts (18, 61). 
Phosphorus is quickly taken up and transported by the plant. Within a few 
hours, radioactive P from a nutrient solution in which part of the roots had 
been placed was found throughout the entire plant (27, 101). 
Inasmuch as the nutrient medium contains more phosphorus, more of it 
reaches the top of the plant. When the P content of the nutrient medium is low, 
most of the phosphorus remains in the roots (51, 131, 139). 
A.9.d. P h o s p h o r u s in the soil 
In order to give a fertilisation advice, the State Agricultural Experimental 
Station, Groningen (162) determines the following quantities:*) 
*) Nowadays in the Netherlands this kind of advice in given by another laboratory. 
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The P number (P soluble in water), 
the P citric acid extraction number (phosphate soluble in 1 % citric acid solution), 
the P total number (P soluble in ccncentrated hydrochloric acid), 
the adsorption number (supplies information regarding the extent to which P is 
adsorbed on the particles of soil) 
the 2nd extract (in water or 1 % citric acid). 
Only from a combined consideration of these quantities the amount of phos-
phorus to be taken up by the plant can be estimated. 
The uptake of phosphorus from the soil by plants e.g. depends on: 
The acidity (162 p. 73,38,87); at low pH the uptake of phosphorus drops, the P 
number increases and the P citric acid extraction number decreases; 
the humidity of the soil (39, 87) : at high humidity the phosphate uptake some-
times is a greater, sometimes smaller; 
the adsorption power (28, 7,162 p. 78): when much phosphorus is adsorbed 
on the particles of soil a smaller uptake by the plant may result; 
the magnesium content of the soil (102, 111): an increase in the magnesium 
content of the soil promotes the uptake of phosphorus; 
the calcium content of the soil (87, 162 p. 78); 
the iron content of the soil (87, 162 p. 78); 
the aluminum content of the soil (87, 162 p. 78). 
Ca, AI, Fe form insoluble compounds with phosphorus. Since various types 
of soil adsorb part of the phosphorus present, this element generally moves little 
in the soil (59, 159, 162 p. 76). Accordingly, phosphorus fertilisers are best 
taken up when they are brought close to the plant (7, 37,47,49, 83,89). In sandy 
soil, which adsorbs phosphorus less than clay soil, the phosphorus moves more 
easily and much more of the phosphorus administered is taken up (162 p. 76). 
4.9.e. U p t a k e and a c c u m u l a t i o n of p h o s p h a t e by p l an t s 
In view of the many factors which influence the uptake of phosphate by plants 
it is clear that a comparison of the phosphate content of a soil and the plants 
growing on it will yield considerably varying results. Table 30 shows data from 
different investigators with regard to the phosphorus content of the soil and of 
the crops growing in it. 
In the cases so far mentioned, the plants frequently have a higher phosphorus 
content than the soil. Considering that the total phosphate content of the soil 
is higher than the P citric acid number, an accumulation sometimes occurs and 
sometimes does not; the accumulation varies greatly according to conditions. 
As a rule a considerable accumulation of phosphorus takes place from soils 
with a low phosphorus content and a slight adsorbing power for phosphate 
(sandy soil). From soils with a higher phosphorus content and a great adsor-
bing power for phosphate no considerable accumulation of phosphate by the 
plant is to be expected. 
Aquatic plants are capable of accumulating large quantities of phosphorus. 
HOAGLAND and DAVIS (67) report for Nitella an accumulation factor of 3000 ; 
OSTERHOUT (144), also for Nitella reports an accumulation factor of 18050, and 
of more than 400 for Chara ceratophylla in brackish water. FOSTER and DAVIS 
(45) have found an accumulation factor of 2000 in plankton. 
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TABLE 30 
Phosphorus uptake by various crops from different types of soil with varying quantities 
of available phosphate 
Type of soil 
Clay 
" 
Sand 
Reclaimed ] 
»» 
5) 
Ferrous san 
seat soil 
» )» 
d .". . 
P 
number*) 
22 
11 
7 
13 
30 
18 
28 
15 
13.5 
11.5 
9 
6 
2.5 
1 
5 
5 
Available P in p.p.m. 
16 
90 
Phosphate content of soil 
in p.p.m. of dry matter 
2400 
1800 
2400 
1800 
P citric acid 
extraction 
number*) 
22 
35 
30 
60 
90 
35 
55 
15 
40 
30-100 
120 
70 
45 
51 
56 
59 
60 
60 
19 
55 
59 
P 2 0 6 content 
of the plant 
in p.p.m. 
3700 
3800 
3900 
5000 
5800 
6200 
6500 
4500 
8500 
8000 
8500 
10000 
5400 
6200 
6200 
4900 
3800 
2600 
4200 
6200 
6200 
P content of plant in 
p.p.m. of the dry matter 
2590 
1680 
Phosphate content of plant 
in p.p.m. of the ash 
27600 
19600 
34000 
19200 
Crop 
Grass 
»» 
5» 
») 
Potato 
tubers 
Crop 
Lucerne 
Crop 
Wheat 
„ 
Author 
V.D.PAAUW(116) 
J D E VRIES and 
| DECHERING ( 162) 
Author 
BEESON (10) 
Author 
TEAKLE(153) 
*) See p. 39 
4.9./. Conc lus ion 
Radioactive phosphorus has a fairly short life. Moreover, it generally moves 
slowly through the soil. Before it is taken up by the plant and before the plant is 
considered for animal or human consumption, the activity will have consider-
ably decreased. 
It is certain thant an accumulation may occur in the plant, depending on con-
ditions in the soil. Plants will take up relatively less radioactive phosphorus if 
there is ample supply of non-radioactive phosphorus. 
A very large accumulation of phosphate is often found in aquatic plants. 
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5. WASTE PRODUCTS OF THE NUCLEAR REACTOR THAT ARE RELEASED 
IN THE ATMOSPHERE 
5.1. Introduction 
The pollution of the atmosphere by waste products of industry in general is 
influenced by: (91) 
a. the presence of industries, 
b. an annual cycle (influence of seasons on factory activity), 
c. a weekly cycle ( 5 | day working week), 
d. a daily cycle (8-hour day), 
e. the weather. 
The weather is the most important factor for the nuclear reactor which mostly 
will be in continuous operation. The following features in the weather conditions 
may be of influence : 
a. direction of the wind (determines the direction in which the greatest pollution 
occurs), 
b. rain (affects deposition of the pollution), 
c. velocity of the wind (affects the distance over which the products are spread 
and the dilution of the waste products in the atmosphere), 
d. eddies (influence the removal of the pollution from the lower layers of the 
atmosphere). 
During fog the waste gases remain close to the soil and even descend from 
the chemney. Under such conditions danger due to air pollution is greatest. It 
is as a rule desirable that contaminated air be released only when weather con-
ditions are favourable for escape to higher regions, so that the greatest pos-
sible dilution occurs. 
As regards the gaseous waste products of the nuclear reactor: the radioactive 
elements may occur as particles, gas or smoke (172). 
For medical reasons only part of the radioactive waste products are per-
missible in the atmosphere. The air is therefore purified before it is released, so 
that any radioactive particles and some of the gaseous products are removed. 
The gaseous radio active waste contains iodine131, argon40, xenon133 and kryp-
ton85. The inert gases are not taken up by plants. Thus, only iodine present a 
danger due to accumulation of this element by plants from the atmosphere. 
Since the gaseous waste products are greatly diluted, provided they are released 
under favourable circumstances, the accumulation by the plant from the atmos-
phere would have to be considerable if it is to present a danger to the user. 
5.2. Uptake and accumulation of iodine from the atmosphere by plants 
THOMAS (154) reports that iodine and hydrogen iodide are rapidly taken up 
from the atmosphere and accumulated by lucerne. In an atmosphere containing 
0.1 p.p.m. of I, THOMAS found an accumulation of 500-800 p.p.m. in the stems 
and leaves of lucerne after 18 hours; when the I concentration in the atmosphere 
was 0.001 p.p.m. he found 50-100 p.p.m. in the plant after 8 days. The accumul-
ation factor of the vegetation with respect to the gas was 5000-100,000 inl-8 
days. In America the maximum permissible quantity of I131 in water is 10,000 
times the quantity permitted in the atmosphere (58). If, for medical reasons, 
vegetation is placed on a par with water the accumulation factor of the vege-
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tat ion in relation to the atmosphere may be 10,000. The maximal accumulation 
THOMAS found in his experiments is 10 times this amount. 
CHAMBERLAIN and C H A D W I C K (31) determined the uptake of I131 by plants 
from the atmosphere. They sprayed radioactive iodine over a meadow. The 
radioactivity of the air and of the grass was then measured at a distance of 15 
metres from the source in the direction to which the wind was blowing. Their 
findings are given in table 31. 
TABLE 31 
Spreading of I131 in the 
Distance at right 
angles to direction 
of wind in m 
2.25 
2.25 
5.25 
5.25 
atmosphere and deposure on the vegetation 
Radio activity of the 
air in(jt[ic./ccm/sec. 
295 
155 
23 
100 
Radio activity of the 
grass in (x (x c. /sq. cm 
of the soil 
350 
350 
37 
100 
Weight of the 
grass per sq. cm of 
soil in mg 
50 
50 
50 
50 
In these experiments the radioactivity of 50 mg of grass ( = approx. 0.05 
ccm) was found to be about equal to the radioactivity of 1 ccm of air. The 
accumulation factor of the vegetation in relation to the air then is about 20. 
These figures are calculated per volume. The maximum permissible con-
centrations are likewise given per unit volume (58). 
In similar experiments it has been found that the deposure of radioactive 
iodine on the grass may be twice as high. The extent of the deposition was deter-
mined by aerodynamic factors (e.g. velocity of wind), the vegetation and the 
condition of the leaves (stomata open or closed). 
F rom the data obtained from their experiments on the deposure of iodine on 
grass, CHAMBERLAIN and CHADWICK (31) calculated with a formula they had 
derived that the maximum permissible concentration of the air might amount 
to 1 X 10 12/(jic/ccm. This figure is 3000 times smaller than the maximum con-
centration admitted in America for medical reasons (58). 
The mentioned investigators calculated the amount of radioactive iodine 
which may be released per day from a nuclear reactor in relation to the height 
of the chimney. Their values are given in table 32, a wind velocity being assumed 
of 5m/sec, a concentration of I131 in the air of 1 X 10 12/[xc/ccm in the direction 
of the wind, at a distance of 20 times the height of the chimney. 
TABLE 32 
Influence of the height of the chimney on admissible release of I131 
Height of chimney 
in metres 
10 
25 
50 
100 
Admissible release of I131 in mc/day 
10 
40 
150 
500 
SELDERS (137) investigated whether the iodine vapour taken up by the leaves 
of tomatoes and beans was transported in the plant. It was found that not more 
than 2 % was transported and that as a rule far less was transported. 
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5.3. Conclusion 
If it is feasible in practice, it is desirable not to release any radioactive gases 
in the atmosphere when there is no wind especially during fog. 
From the few data available it appears that iodine can be taken up from the 
atmosphere and accumulated by plants. It is, however, not sufficiently known 
whether the accumulation in the plant is such as to cause danger for the con-
sumer. It is desirable that further experiments be made in this field. In the mean-
time it would be advisable to reduce the maximum admissible concentration of 
I131 in the atmosphere, as has been done in England, to 1 X 1012/[jic/ccm. 
6. CONCLUSIONS 
Plants take up their mineral nutrient substances from the solution present in 
the soil. The extent of the uptake strongly depends on the circumstances, viz., the 
type of plant, the age of the plant, weather conditions, the acidity and other 
characteristics of the soil. It is possible that in some cases the concentration of 
an element becomes higher in the plant than it is in the nutrient solution. If this 
solution should be polluted with radioactive matter by way of contact with the 
sewage channels from a nuclear reactor, dangerous concentrations of such radio-
active substances may occur in plants. It is, therefore, essential that regular con-
trol of the radioactivity of crops be exercised in the vicinity of a nuclear reactor. 
In view of the data given in the literature, there are a few cases that deserve 
special attention. 
a. Often a considerable concentration of mineral nutrients is found at the 
surface of the root, especially at the root tip. As a rule this will present no 
danger because at harvest the root tip generally remains in the soil. It is, how-
ever, desirable to ascertain whether crops of which the sub-soil parts are eaten, 
present danger. 
b. Considerable accumulation of iodine has been found, above all in the case 
of halophytes. This presents a danger for animals which eat such plants: e.g. 
sheep on salt marshes; goats and rabbits in the dunes. If the proximity of a 
nuclear reactor makes this desirable, experiments should be carried out to ascer-
tain whether such plants accumulate other elements as well, and in this con-
nexion account must be taken of the discharge of waste water in the vicinity. 
c. Aquatic plants accumulate large quantities of various elements from the 
water. If they come into contact with water originating directly from the nuclear 
reactor there may be danger. Such plants (or plankton) are not eaten by man, 
but they are eaten by birds and fishes. Therefore, it would be desirable to 
close sewage canals until the dangerous effect is past. 
The following radioactive elements occur in the waste water from the nuclear 
reactor : 
a. elements which the plant needs in fairly large quantities : phosphorus. 
b. elements which the plant needs in very small quantities: strontium and 
molybdenum. 
c. elements which, as far as is known, the plant does not need, include : barium, 
caesium, cerium, iodine, lanthanium, niobium, ruthenium, rhodium, tellu-
rium, praseodymium, promethium, yttrium and zirconium. 
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It depends on the circumstances whether or not phosphorus is accumulated 
by plants. If much non-radioactive phosphorus is available, relatively little 
radioactive phosphorus will be taken up. It is, therefore, desirable that a regular 
control be exercised with regard to the phosphorus state of the soil in the neigh-
bourhood of the nuclear reactor, and to ensure that the soil is adequately fer-
tilised with phosphate. 
From the results of experiments reported in literature it appears that stron-
tium is regularly accumulated in small quantities by plants from the soil. It will 
therefore be necessary to consider whether the permissible concentration of 
radioactive strontium in the waste water from the nuclear reactor on medical 
grounds will have to be reduced by a factor 10. 
As regards molybdenum, barium, caesium, cerium, iodine, and yttrium, no 
accumulation by plants is reported in the literature consulted; no special 
measures seem necessary with respect to these elements. 
Very few data were to be found in the literature regarding niobium, 
ruthenium, tellurium and zirconium. We found no accumulation reported in 
land plants. It is desirable that more experiments be made, and information will 
have to be collected regarding experiments carried out recently in other coun-
tries. 
No data were found regarding lanthanium, praseodymium, promethium and 
rhodium. Further experiments concerning these elements are desirable. 
Except in the instances mentioned, there are, generally speaking, probably no 
dangerous accumulations. CLINE, SELDERS and REDISKE (174) inundated small 
oat fields with waste water from a nuclear reactor. They did not find a strong 
radioactivity in the crop. 
It has been found that plants take up I131 from the gaseous waste in a measure 
that may make it desirable to reduce the maximum admissible concentration in 
the atmosphere 1 X 1012/jj.c/ccm. 
Since only very few experiments yet have been made it seems desirable to 
carry out further investigations regarding the uptake of iodine from the atmos-
phere by plants. 
7. SUMMARY 
Accumulation of radioactive material in a plant may cause danger for the 
consumers of such a plant. A study from literature has been made concerning 
the possibility of plants accumulating elements from their surroundings (air, 
soil, water) into which waste products of a nuclear reactor might find their way. 
Consideration has been given to the factors which affect the calculated uptake 
by plants of the various elements from the nutrient medium: the experimental 
method, the plant species, the life stage of the plant, the part of the plant, the 
acidity of the nutrient medium and its chemical composition, the temperature, 
the light, the structure and the moisture content of the soil. It was found that 
these factors can have a considerable influence; some examples are listed below. 
1. The uptake of sodium from the same nutrient medium may be 87 times as 
great by one plant (Atriplex hortense) as by another {Zea mais); the selenium 
concentration in Astragalus was found to be 14,950 p.p.m., whereas other plants 
contained only 0.1 p.p.m. More such examples could be listed. 
2. The concentration of yttrium and caesium in the root tip may be 1000-
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10,000 times the content of the surrounding nutrient medium, whereas these 
elements are not incorporated into the aerial parts of the plants. 
3. The influence of the condition of the soil may be such that the uptake of 
various element by the plant may differ as much as 900 times. 
Accumulation of a given element from the nutrient medium by the plant is 
certainly possible, especially when this medium contains a low concentration of 
this particular element, but the extent of the accumulation is highly dependent 
on circumstances and cannot be predicted. 
Plants take up nutrient element and transport them very rapidly. A case has 
been reported in which phosphate was transported over a distance of 4.50 
metres in 5 minutes. 
The root development of plants has been found to depend largely on cir-
cumstances. Roots have been known to descend to 7.50 metres. 
Nearly always there is a strong accumulation of several elements by aquatic 
plants. An accumulation factor of 3 X 108 for copper was found in Elodea 
canadensis, and one of 18,050 for phosphate in Nitella. 
We have, furthermore, collected data regarding the importance of various 
elements for the plant, the occurrence of the several elements in waste products 
of the nuclear reactor, the presence and the mobility of mineral elements in the 
soil. 
Special attention has been given to those elements which may be regularly 
found in waste water from a nuclear reactor, viz., molybdenum, strontium, 
barium, caesium, cerium, iodine, lanthanium, praseodymium, promethium, 
niobium, tellurium, rhodium, ruthenium, yttrium, zirconium, and phosphorus. 
No great accumulation of molybdenum, barium, caesium, cerium, iodine, 
niobium, tellurium, ruthenium, yttrium, and zirconium in the aerial parts of 
land plants are found in literature. Very few data were found relating to ruthe-
nium niobium, tellurium, and zirconium, and no data relating to the uptake by 
plants of lanthanium, praseodymium, promethium, and rhodium. A small accu-
mulation of strontium is reported, while for phosphorus the accumulation is 
dependent on the external conditions. 
As far as experiments are available, it was found that all elements are accu-
mulated by aquatic plants (molybdenum, caesium, strontium, iodine, yttrium, 
and phosphorus). An accumulation of some elements was found especially at 
the root tips of land plants (cerium, niobium, tellurium, yttrium, zirconium) and 
in halophytes (iodine). 
In the case of the gaseous waste products iodine is the most important element 
with respect to causing danger. Plants may take up considerable quantities of 
this element from the atmosphere, but it has not yet been determined with suffi-
cient certainty whether there is any danger in this for the consumer. 
The following main points may be briefly summarised: 
1. It is desirable that regular control be exercised with regard to the radio-
activity of crops growing in the vicinity of the nuclear reactor. 
2. It would appear useful to check regularly the available phosphorus in soils 
in the vicinity of the nuclear reactor. 
3. It is desirable that extra precautions be taken with respect to aquatic plants 
and plankton that may grow in the sewage canals (e.g. closed sewers). 
4. If the circumstances call for such steps it might be desirable to take extra 
precautions with halophytes. 
5. To prevent accumulation it would perhaps be useful to reduce the maximum 
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permissible concentration of strontium in the waste water as now given in 
literature by a factor of 10. 
6. Pending further data on the subject it is safe to reduce the maximum ad-
missible concentration of iodine in the gaseous waste to 1 X 10 12/^c/ccm. 
7. It is desirable that further experiments be carried out and that the results of 
research in other countries be studied, especially regarding : 
a. the accumulation of mineral nutrient substances in the roots of crops, the 
sub-soil parts of which are consumed by man. 
b. the uptake and accumulation by plants of lanthanium, niobium, praseo-
dymium, promethium, rhodium, ruthenium, tellurium and zirconium. 
c. the uptake of iodine by plants from the atmosphere. 
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